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Abstract 

This thesis describes the synthesis of an N-propargyl pyrroloimidazolone chiral 

auxiliary/directing group with syn or anti stereochemistry derived from L-proline hydantoin and 

its diastereoselective lithiation for the synthesis of central chiral alkynes and axial chiral 

allenamides. Lithiation followed by quench with alkylating electrophiles or aldehydes/ketones 

gives access to chiral propargyl or allene derivatives respectively, both in high diastereomeric ratio 

(>95:5 dr). Use of the anti epimer of the aforementioned imidazolone chiral auxiliary results in the 

reversal of stereochemistry at the propargyl position of the products, again with high 

diastereoselectivity. This conclusion was confirmed by the synthesis and comparison of the solely 

central chiral alkynes from both the syn and anti series, obtained via acid-induced elimination of 

the labile silyloxy protecting group. Therefore, this method allows for the preparation of both 

enantiomeric propargyl products without the need to prepare additional starting materials from 

more expensive unnatural D-proline. X-Ray analysis of an allene derivative confirmed that 

lithiation of the syn pyrroloimidazolone followed by direct quench with prochiral benzaldehydes 

led to axial chiral allenamides in high selectivity (>95:5 dr) with atypical stereochemistry of the 

resulting benzylic alcohol. Lithiation followed by transmetalation to a titanium triisopropoxide 

intermediate before benzaldehyde quench gave epimeric allenamides with opposite 

stereochemistry at the benzylic alcohol. Density Functional Theory (DFT) computational 

modelling explained this reversal of stereochemistry at the benzylic position as arising from 

stereofacial attack in 6,5-bicyclic or 6-membered transition states in the lithium or titanium series, 

respectively. 
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1 Introduction 

The stereochemical purity of compounds and materials is a fundamental requirement for 

many molecules in the agrochemical and pharmaceutical industries. Methods to prepare 

stereochemically pure compounds are a significant objective in organic synthesis. 

Enantiomerically enriched organic products can be accessed via the manipulation of an 

enantiomerically pure starting material (“chiral pool”) or through resolution of racemic mixtures, 

desymmetrization of meso compounds, or via asymmetric synthesis.1 In particular, asymmetric 

synthesis has nowadays become a prominent methodology in organic chemistry, as it consists of 

the installation of elements of chirality in a prochiral substrate by means of a chiral reagent, 

auxiliary or catalyst.2 In asymmetric catalysis the formation of one or more stereocenters is induced 

by a small amount of a chiral catalyst or enzyme that can be recovered intact and reused for 

subsequent reactions. Chiral auxiliaries instead bind to the prochiral substrate and need to be used 

in stoichiometric amounts and in general, they require additional steps to be manipulated or 

completely removed from the substrate, and ideally be recovered intact.1 

The research program in the Metallinos group is focused on the design of new chiral reagents 

and catalysts for applications in asymmetric syntheses and catalysis. One prominent goal is to 

develop an efficient chiral auxiliary or directing group that may be prepared from inexpensive 

starting materials and that is amenable to conversion to other functional groups afterwards. To this 

end, a chiral auxiliary derived from L-proline hydantoin was synthesized. Starting from the highly 

abundant and inexpensive amino acid L-proline, it was possible to synthesize both epimeric forms 

of the auxiliary without the need for expensive enantiomerically pure D-proline. The utility of both 

epimeric directing groups was first evaluated in the highly diastereoselective synthesis of both 

planar chiral enantiomers of N-substituted ferrocenes.3,4 The scope of the auxiliary was then 
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extended to the induction of planar chirality in π-arene chromium tricarbonyl complexes,5 central 

chirality in sp3-hybridized N-substituted benzylic systems,6 and more recently to central chiral 1,4-

cyclohexadienes.7 

This thesis will outline the application of the L-proline hydantoin derived chiral auxiliary to 

the diastereoselective lithiation of an N-propargyl imidazolidinone starting material for the 

synthesis of N-propargyl derivatives and axial chiral N-allenes. The first part of the dissertation 

will describe the optimized conditions for the selective preparation of enantiomerically enriched 

substituted alkynes versus the conditions that favour the formation of axial chiral N-allenes in high 

diastereomeric ratio. The reversal of stereoselectivity at the propargyl position is demonstrated by 

the synthesis and use of the epimeric starting material. 

The second part of the thesis will describe some of the applications of the allenamides.   
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1.1 Axial Chirality and Allenes 

Chirality is in general the property of asymmetry of a rigid object. The word “chirality” 

derives from the Greek word χειρ (kheir) which means “hand”, the simplest example of a chiral 

object. Chirality is a mathematical principle that finds applications in several branches of science 

including mathematics, physics, biology and chemistry. An object is chiral when it is 

distinguishable from its mirror image. Specifically in chemistry, a molecule is chiral when it is not 

superposable on its mirror image form.8 Molecules with non-superimposable mirror images are 

called enantiomers while stereoisomers that are not enantiomers are called diastereomers.  

Enantiomerically enriched chiral compounds are optically active, that is, they rotate plane-

polarized light. The French physicist François Jean Dominique Arago, at the beginning of the 19th 

century, was the first to observe the reorientation of polarized light in quartz.9 A few years later, 

the physicist Jean-Baptiste Biot discovered that some natural organic substances such as camphor 

and oil of turpentine exhibit the capacity to rotate a plane of polarization.10 They noticed that some 

compounds rotated the plane of polarized light clockwise [“dextrorotatory”, indicated by (+)] 

while others rotated it counter-clockwise [“levorotatory”, indicated by (−)]. It was speculated that 

this property was ascribable to some inherent asymmetry present in the molecules. Individual pure 

enantiomers can be recognized because they rotate the plane of polarized light in equal magnitude, 

but in opposite directions.  

In a polarimeter plane-polarized light is passed through a sample cell or tube containing the 

analyte and the optical activity/observed rotation (indicated by α) is measured.8 The value of α 

depends on several parameters such as enantiomeric/diastereomeric purity, temperature, 

concentration of the analyte, the solvent used, the path length of the sample tube, and the 

wavelength of the light used. The specific rotation, usually denoted as [α]D, is defined as the 
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number of degrees of rotation caused by a solution of 1.0 g of a pure enantiomer per mL of solution 

in a sample tube 1.0 dm long at the sodium D-line (λ = 589 nm). The optical activity is calculated 

by the formula shown in Figure 1 in which [α] is the specific rotation; α is the observed rotation; 

l is the length of the sample tube or cell in dm; c is the concentration of the sample in g/mL of 

solution; T is the temperature measured in ˚C and λ is the wavelength of the incident light. The 

wavelength is usually indicated as D because most polarimeters use the sodium D-line.  

[α]D
T

 = 
𝛼

𝑙×𝑐
  

Figure 1. Formula for the calculation of specific rotation. 

Each optically active compound has its own characteristic specific rotation which depends 

on all of these parameters. However, because there is not a linear relationship between the specific 

rotation and all of the parameters mentioned, any comparison made between [α] values are valid 

only if all of the parameters are identical to the one reported in the first measurement.11 

The most common type of chirality is central chirality, which describes a molecule with a 

chiral centre that is usually an asymmetric carbon bonded to four different atoms or groups.8 

However, depending on the dimension in which the molecule is asymmetric, there exist two sub-

classes of chirality that are used to describe sp2-hybridized systems: planar and axial chirality.12 

Planar chirality exists in cyclic systems that do not possess an asymmetric carbon but have two 

non-coplanar rings that are not equivalent to each other. A classical example of planar chiral 

compounds are 1,2-disubstituted ferrocene derivatives such as the ones shown in Figure 2. 
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Figure 2. Planar chiral ferrocenes. 

Axial chirality is another special type of chirality typical of molecules that do not have a 

chiral centre but possess instead an axis of chirality, an axis about which a set of substituents is 

held in a spatial arrangement that is not superimposable on its mirror image. Allenes and biaryl 

ring systems in which the rotation about the aryl-aryl bond is restricted, represent the most common 

examples of axial chiral compounds.13  

Allenes are a class of organic compounds with two orthogonal double bonds joined together 

by a shared sp-hybridized carbon atom. In other words, they are dienes with cumulated double 

bonds. The smallest member of this class of compounds, propadiene, is usually called “allene”. 

The Dutch physical chemist Jacobus H. van't Hoff was the first to predict the structure of allenes 

and cumulenes as well as their axial chirality in 1875.14 Twelve years later, in an attempt to 

disprove the existence of these compounds, B. S. Burton and H. von Pechmann reported the very 

first synthesis of an allene.15 Afterwards, Maitland was the first to add credence to van't Hoff’s 

theory by synthesizing the first axially chiral allene.16 However, because of the lack of analytical 

techniques at the time, it was difficult to distinguish allenes from alkynes. As a result, the structure 

was not proven until 1954 when M. C. Whiting and coworkers confirmed the structure of allenes 

by infrared spectroscopy.17 

As mentioned previously, allenes possess an unusual geometry; the central carbon atom is 

sp-hybridized while the two terminal carbons are sp2-hybridized. Therefore, the central carbon has 
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two vacant p orbitals and forms two σ bonds and two π bonds. One of the p orbitals overlaps with 

the p orbital of one of the adjacent sp2 carbons (i.e., C1 in Figure 3) while the second p orbital 

overlaps with the p orbital of the other sp2 carbon (i.e., C3 in Figure 3). This arrangement means 

that the two π bonds attached to the central carbon are perpendicular to each other and that the 

plane containing one R1−C−R2 group is perpendicular to the plane containing the other R3−C−R4 

group. As a consequence, allenes are not planar and the three carbons lie on a plane forming an 

angle of 180˚ indicating linear geometry for the three carbons. Any substituents on the terminal 

sp2-hybrizided carbon (R1, R2 versus R3, R4) are necessarily twisted in an orthogonal relationship 

to each other. 

 

Figure 3. Allene structure and orbital representation. 

In order to determine if an allene is chiral or not, both “ends” of the cumulated system need 

to be examined; if either of the two ends are bonded to two identical substituents, the allene is 

achiral because it still possesses one mirror plane. On the other hand, if neither of the ends are 

attached to two identical substituents, the allene is chiral. Allenes with four identical substituents 

are also not chiral because they possess two mirror planes that are perpendicular to each other. 

Axial chirality is assigned based on the Cahn-Ingold-Prelog (C-I-P) convention18 using the 

same designations Ra (clockwise) and Sa (counter-clockwise) used for tetrahedral stereocenters 

with the difference that the subscript “a” is added to specify that the chirality is “axial”. The 

molecule is viewed along the axis (Figure 4) and R and S configurations are then determined. As 

for central chirality, the C-I-P priorities are assigned based on the atomic number with the 
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exception that for axial chirality the configuration is assigned by assigning the priorities to the 

substituents (i.e. A and B in Figure 4) on the “front” atom first (priorities 1 and 2), followed by 

the assignment of priorities of the substituents of the “back” atom (C and D in Figure 4 with 

priorities 3 and 4).  

If the path from the higher to lower priority substituent in the front atoms and to the higher 

to lower priority substituent in the back atoms proceeds clockwise, the allene is designated Ra (case 

1, Figure 4). Conversely, if the path is counter-clockwise, the allene is designated Sa (case 2, 

Figure 4). 

 

Figure 4. Assignment of axial chirality. 

 

1.2 Allenamines and Allenamides 

Allenes have always fascinated the scientific community since their first preparation at the 

end of the 19th century, but they were considered to be highly unstable and difficult to make for 

their chemistry to be developed.15 In recent years, interest in the chemistry of allenes has 

dramatically increased as a result of their importance as building blocks, and their presence in 

natural products and biologically active agents.19 Nowadays, about 150 natural allenes are known 

and most of them are chiral, although most were not isolated in an enantiomerically pure form.20 

Even though allenes are largely employed in cycloaddition and radical reactions, they are difficult 
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to synthesize and show a poor predisposition toward electrophilic activation. These issues 

encouraged the development of allene-equivalent compounds that are heteroatom-substituted, such 

as allenol ethers, allenyl sulfides, allenamines and allenamides (Figure 5). Heteroatom-substituted 

allenes, in particular allenamines, represent a synthetically useful alternative to alkyl-substituted 

allenes, despite the fact that they have received little attention from the scientific community.  

 

Figure 5. Allenes and hetero-substituted allenes. 

Allenamines are more electron-rich than simple allenes given the π-donating capacity of the 

nitrogen atom to the allenic moiety. As a consequence, allenamines are easily activated toward 

both electrophilic and nucleophilic addition with a high degree of regio- and stereo-selectivity, 

which is usually difficult to obtain in reactions involving allenes.21 Nitrogen-containing moieties 

are found in many natural and unnatural compounds useful in medicinal chemistry and in 

therapeutics development.21a Therefore, synthetic transformations involving allenamines are very 

important because of the presence of the nitrogen atom in the final structure. 

Allenamines were first synthesized and characterized by Viehe in 1968.22 In this case they 

were just an intermediate in the base-catalyzed prototropic isomerization of propargyl amines as a 

protocol for the synthesis of ynamines (Scheme 1). 
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Scheme 1. Base-catalyzed prototropic isomerization of propargyl amines to ynamines. 

However, despite the synthetic potential of allenamines and their application in 

stereoselective synthesis, the use of allenamines in organic chemistry has not been well developed 

because of their high sensitivity toward hydrolysis and the tendency toward polymerization and 

isomerization even at low temperature, which makes their preparation and experimental handling 

very difficult.21 

In order to exploit the potential chemistry of nitrogen-based allenes, an allenamine-

equivalent with a desiderable balance between stability and reactivity needed to be identified. For 

this purpose, allenamides appeared to be the perfect candidates.  

Allenamides represent the electron-deficient version of allenamines in which the presence of 

the amido carbonyl diminishes its donating ability and reactivity, while at the same time increasing 

its stability (Figure 6).21 

 

Figure 6. Resonance structure of allenamines and allenamides. 
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1.2.1 Preparation of Allenamides: Historical Examples 

Exactly one year before Viehe’s first allenamine synthesis, Dickinson reported the first 

preparation of allenamides starting from 2-pyrrolidinone 1 (Scheme 2).23 Treatment of 1 with 

propargyl bromide under basic conditions led to the known prototropic isomerization of the alkyne 

to the allenic moiety. However, unlike Viehe’s example, allenamide intermediate 3 could be 

isolated and was so stable that it did not undergo further isomerization to the corresponding 

ynamide. The ynamide 4 could be formed as a reactive intermediate only with further treatment of 

3 with NaOMe and pyrrolidine. In contrast to the general reactivity of amines towards allenes, the 

addition of pyrrolidine led to an unexpected rearrangement, which gave N-acyl pyrrolidine product 

7.  

 

Scheme 2. Dickinson’s first synthesis of allenamides. 

Another early example of base-induced isomerization of propargyl amide was reported by 

Bogentoft in 1969 (Scheme 3).24 The base-catalyzed hydrolysis gave the ring-opened derivative 



11 
 

10, which was further transformed to oxazole 11 via C−O bond formation, or to the oxo-

quinazoline 12 via C−N bond formation.  

 

Scheme 3. Bogentoft’s isomerization of propargyl amide 8. 

The first synthesis of an acyclic allenamide was reported almost 10 years later by Corbel 

through the base-induced isomerization of N-propargyl phosphoramidate.25 The allenamide was 

isolated as a mixture with the corresponding ynamide. Padwa later reported an interesting example 

of the interconversion of a propargyl amide to the corresponding allenamide at high temperature 

(150 °C) under basic conditions (NaH in DMF).26 

The first example of a chiral allenamide synthesis was published by Hsung in 2001.27 During 

their study of the preparation of ynamides starting from acridone using a modified propargylation-

isomerization protocol, they noticed that the allenamide intermediate could be isolated by 

shortening the reaction times.28 Based on these results, they optimized the reaction conditions in 

order to find a general and easily applicable protocol for the synthesis of chiral allenamides. As a 

result, Hsung found out that treatment of propargylamide 14 with t-BuOK at room temperature 

furnished exclusively the desired allenamide 15 in high yield (i.e., 80 to ≥90%, Scheme 4).27  
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Scheme 4. Base-induced isomerization of propargylamides to allenamides. 

Besides base-induced isomerization, other methodologies were employed for the synthesis 

of allenamides; one of these was the sigmatropic rearrangement. In organic chemistry the 

sigmatropic rearrangement is a pericyclic intramolecular reaction in which a substituent attached 

by a σ bond migrates to the distant terminus of the adjacent π-electron system.8 Many variations 

of this reaction find broad applications in organic chemistry, including allenamide synthesis. The 

first example of a sigmatropic rearrangement in allenamide synthesis, specifically a [3,3]-

sigmatropic rearrangement, dates back to 1974.29 In this case the allenamide was not isolated but 

was intended to be the key intermediate in the synthesis of benzimidazolyl thiazoles. Overman was 

instead able to isolate a secondary allenamide through the Overman-Claisen rearrangement of 

propargyl trichloroacetamidates.30 Later, Padwa reported the aza-Claisen rearrangement of 

oxazole 24 to give the resulting 4-oxazolin-2-one-derived allenamide 25 under thermic conditions 

(Scheme 5).31 
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Scheme 5. Aza-Claisen rearrangement of oxazole 24. 

 

1.3 Organolithium Compounds in Asymmetric Synthesis 

 

1.3.1 Organolithium Compounds 

Organometallic compounds that contain carbon-lithium bonds are known as organolithium 

compounds. Their main characteristic is the large difference in electronegativity between the 

carbon and the lithium atom that renders the bond mostly ionic (aggregation in solution is a 

symptom of the partial ionic and covalent nature of these bonds).32 As a result of the polarity of 

the bond organolithium compounds act as a good nucleophiles and strong bases. For these reasons, 

they have found broad applications in organic synthesis, in industrial chemistry as initiators for 

anionic polymerization processes, and in asymmetric synthesis for pharmaceuticals production.32 

The beginning of organolithium chemistry can be traced back to 1917 when Schlenk and 

Holtz published the first synthesis of organolithium compounds (specifically methyllithium, 

ethyllithium and phenyllithium) through the transmetalation of diethylmercury with lithium 

metal.33 Afterwards, the first example of their application was the reaction of ethyllithium with 

fluorene to give 9-fluorenyllithium and ethane.34 The reaction between lithium metal and organic 

halides is the most efficient method still used nowadays for the preparation of organolithium 

reagents, as reported in 1930 by Ziegler,35 Wittig36 and Gilman.37 Interest in organolithium 

chemistry slowly increased until the late 1960s when Nozaki reported an application of 
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organolithium compounds in enantioselective synthesis, although with a low level of enantio-

induction.38 With the discovery that the reactivities of organolithiums may be enhanced by 

chelating di-tertiary amines (e.g. N,N,N′,N′-tetramethylethylene diamine (TMEDA), N,N,N′,N′-

tetramethy-1,2diaminocyclohexane (TMCDA), and (−)-sparteine, Figure 7) and with the large 

interest in asymmetric synthesis, the use of organolithium compounds in organic synthesis became 

extremely valuable.39 

 

Figure 7. Chelating di-tertiary amines structures. 

In fact, organolithium compounds exist in solution as aggregates (i.e., dimers, tetramers and 

hexamers) in order to stabilize the electron-deficient lithium atom.40 Coordinating ligands (Figure 

7) are therefore employed because they can share electron density with the lithium atom and 

enhance the reactivity of the organolithium species by lowering the degree of aggregation.  

At the end of the 1980s Hoppe published a promising work regarding (−)-sparteine-mediated 

lithiation followed by titanium transmetalation and electrophile quench of carbamate derivatives 

with very high enantiomeric excess (Scheme 6).41 This result can be considered the first 

breakthrough in the synthesis of sp3-hybridized chiral centers beside a heteroatom with a high level 

of enantioselectivity. The coordination between the organolithium reagent and the chiral ligand 

allowed for selective deprotonation creating a new chiral centre in a highly enantioselective 

fashion. Hoppe’s subsequent studies on the lithium/(−)-sparteine carbanion couple, their 

configurational stability and consequent transfer of stereochemistry in the reaction, were the 

beginning of a widespread use of organolithium compounds in asymmetric synthesis.42  



15 
 

 

Scheme 6. Hoppe’s (−)-sparteine-mediated enantioselective lithiation of carbamates. 

Hoppe focused his attention on the enantioselective lithiation of O-carbamates mediated 

almost exclusively by (−)-sparteine 27 because this ligand was generally able to induce high level 

of enantioinduction (i.e., 83-95% ee). (−)-Sparteine, or (−)-lupinidine, is a well known and studied 

natural-occurring chiral compound that was at that time widely employed as a ligand in 

asymmetric syntheses with organolithium reagents.41,43 This ligand is a lupin alkaloid that was first 

isolated in 185144 and can be isolated in large quantities from plants such as the Scotch broom.45 

On the other hand, its enantiomer (+)-sparteine, is available in much lower quantities46 and can 

only be semi-synthesized.47 This fact represents the major drawback of (−)-sparteine-mediated 

lithiation because for asymmetric synthesis a chiral ligand should be ideally available in both 

enantiomeric forms in order to facilitate access to products with opposite chirality. Furthermore, 

nowadays even the most abundant natural sparteine enantiomer is no longer available in large 

quantities because of production issues that render the ligand much more costly. Even small 

modifications to its structure would require a long total synthesis of the tetracyclic ring system. 

For these reasons, the scientific community is now focused on the synthesis of sparteine surrogates 

with comparable properties, more accessibility in both enantiomeric forms, and less expensive.48  

In 1992 Hoppe investigated the use of (−)-α-isosparteine 32 (Figure 8) as an alternative to 

(−)-sparteine for the synthesis of homoallylic alcohols through lithiation of allylic carbamates but 

the enantiomeric excess obtained was low (16% ee compared to 31% ee obtained with 27).49 
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Figure 8. Structures of sparteine diastereomers. 

Also studied was the enantioselective deprotonation of alkyl carbamates 34 to compare the 

efficiency of (−)-sparteine 27 with (−)-α-isosparteine 32 (Figure 8) and TMCDA 28 (Figure 7). 

It was found that tetramethyldiamine 28 gave much lower enantioselectivity compared to 

sparteine, while isosparteine 32 did not give any product (Scheme 7).50 

 

Scheme 7. Enantioselective deprotonation of alkyl carbamates 34. 

Thus, among all its diastereomers (−)-sparteine 27 was the most effective chiral ligand in 

enantioselective deprotonation reactions. 

 

1.3.2 Asymmetric Synthesis by Lithiation α to Nitrogen 

Lithiation of hydrocarbons, including at aromatic or vinylic sites, is typically slow under 

most conditions. Lithiation by deprotonation of a C−H bond is greatly facilitated by an 

intramolecular coordination between the electron-deficient lithium atom, and a heteroatom that 
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also serves to stabilize the newly formed electron-rich C−Li bond by an electron-withdrawing 

group.41b 

On the other hand, formation of a C−Li bond α to heteroatoms that are part of strongly 

electron-withdrawing groups (such as sulfone, carbonyl sulfoxide, phosphonate, etc.) is extremely 

easy. Some oxygen and nitrogen-containing functional groups decrease the acidity of the α protons 

and consequently, the α-lithiation occurs as long as these groups can strongly coordinate to the 

organolithium species. Examples of acidic α protons are benzylic, allylic, and vinylic protons and 

also protons attached to small heterocyclic rings or aromatic systems. 

Direct deprotonation α to nitrogen is usually challenging even with strong lithium bases 

because, although the nitrogen lone pair is able to coordinate with the organolithium compound, 

anti-bonding interaction leads to a destabilization of the resulting C−Li bond.51 The presence of a 

carbonyl group adjacent to the nitrogen atom instead allows for the delocalization of nitrogen’s 

lone pair into it, decreasing the lone pair energy and consequently the electronic repulsion (Figure 

9).41b 

 

Figure 9. Destabilizing and stabilizing effect of nitrogen’s lone pair. 

As shown in Figure 9, delocalization of nitrogen lone pair into the carbonyl group makes 

the nitrogen-containing group more electron-withdrawing while the electron-rich oxygen atom 

coordinates with the organolithium reagent enhancing carbanion stabilization. 

The reaction pathway of the lithiation-substitution of an amine derivative 37 to give an 

enantioenriched product has been studied extensively and a general scheme is shown in Figure 
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10.52 In the first step a complex between the substrate, the organolithium reagent and the chiral 

ligand is formed. The enantio-determining step can be either the deprotonation to the carbanionic 

intermediate 39 or its subsequent reaction with an electrophile. The stereoselectivity of the overall 

transformation may depend on: 1) the selectivity of the formation of the stereoisomeric 

intermediates 39; 2) the rate at which the intermediates epimerize relative to the rate of their 

reaction with the electrophile; and 3) the stereochemical outcome of the last step, the electrophilic 

substitution.53 

 

Figure 10. Reaction pathways for stereoselective lithiation-substitution of amines. 

In the case of an asymmetric deprotonation, carbanionic intermediate 39 is configurationally 

stable and is formed in a highly stereoselective fashion by selective abstraction of one proton. A 

highly enantio-enriched product is formed by the reaction of the configurationally stable carbanion 

with an electrophile (Figure 10).  

In the case of stereocontrol by an asymmetric substitution, there can be two possibilities:52b  

1) Dynamic thermodynamic resolution: the lithiated intermediates are configurationally 

unstable or labile and their interconversion is slow with respect to the rate of reaction with 



19 
 

the electrophiles. Their stability depends on the temperature while the stereoselectivity 

depends on the ratio of the two complexes. 

2) Dynamic kinetic resolution: the lithiated epimeric intermediates are in rapid equilibrium 

compared to the rate at which they react with the electrophile. The stereoselectivity then 

depends on the difference in energy of the transition states of the electrophilic substitution 

for each intermediate. 

 

1.3.2.1 Enantioselective Lithiation α to Nitrogen 

After Hoppe’s studies on the enantioselective lithiation-substitution of O-alkyl carbamates 

mediated by (−)-sparteine, Beak and coworkers reported the first example of lithiation-substitution 

α to nitrogen with high levels of enantioselectivity as well. The (−)-sparteine-mediated 

enantioselective lithiation of N-Boc-pyrrolidine 41 proceeded through the selective deprotonation 

of the pro-S hydrogen to give the intermediate 42, which was then trapped with a range of 

electrophiles in good yields and high degree of enantioselectivities (Scheme 8).54 Beak stated that 

the deprotonation step consisted of the formation of a thermodynamically stable three-component 

complex of the pyrrolidine, lithium base and (−)-sparteine. This complex can differentiate between 

the two prochiral hydrogens and consequently deprotonate one preferentially. The 

enantioselectivity is therefore established in the deprotonation step. Computational studies 

confirmed that the complex leading to the pro-S hydrogen removal (intermediate 42 in Scheme 8) 

was less sterically hindered and had the lowest activation energy.55 
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Scheme 8. (−)-Sparteine-mediated enantioselective substitution of N-Boc-pyrrolidine 41. 

In order to confirm that deprotonation was the enantioselective step, transmetalation of 

stannane 44 was carried out (path A, Scheme 9).56 In the absence of the chiral ligand, this 

transmetalation and electrophile trapping occurred with retention of configuration in the final 

product 45. No erosion of the enantiomeric excess was observed, thus confirming that the 

enantioselectivity arose from the preceding asymmetric deprotonation. 

 

Scheme 9. Confirmation of asymmetric deprotonation of N-Boc-pyrrolidine 41. 

Another interesting example (path B, Scheme 9) showed that the sequential substitution of 

N-Boc-pyrrolidine 41 with the same electrophile (Me2SO4) proceeded with improved enantiomeric 

excess. Dieter and coworkers studied the enantioselective lithiation of N-Boc-pyrrolidine where it 

was reported that vinylation through copper-lithium exchange of 41 gave products 48 in high 

yields and moderate enantioselectivities (Scheme 10).57  
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Scheme 10. Dieter’s allylation of N-Boc-pyrrolidine 41. 

Beak  and coworkers investigated other chiral ligands that could be more effective than (−)-

sparteine in the deprotonation of cyclic N-Boc amines, focusing their attention on pyrrolidine and 

bispidine derivatives.58 None of the screened ligands resulted in enantioselectivities or yields that 

were comparable to (−)-sparteine 27. It was speculated that the primacy of (−)-sparteine is 

attributed to its binding capacity in the intermediate: it can firmly bind to the substrate in the 

transition state but at the same time the binding is not strong enough to prevent subsequent reaction 

of the substrate with an electrophile. Confirmation of its efficiency over other chiral ligands arose 

about ten years later from O’Brien’s reports (Scheme 11).59 The enantioselective lithiation of 41 

was carried out in the presence of various chiral diamine ligands including the chiral cyclohexyl 

diamine ligands first synthesized by the Alexakis’ group.60 Sparteine surrogate (+)-50 gave the 

silylated product in a high enantiomeric ratio favouring the opposite enantiomer compared to (−)-

sparteine 27, while cyclohexyl diamine (R,R)-51 gave the same result as sparteine in terms of 

enantioselectivity with a slightly lower yield (72% versus 87%). The other ligands afforded only 

racemic products in poor yield (i.e., 4% and 29%). 
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Scheme 11. Screening of diamine chiral ligands for the enantioselective lithiation of 41. 

 

1.3.2.2 Diastereoselective Lithiation α to Nitrogen 

One of the earliest examples of diastereoselective lithiation α to nitrogen dates back to the 

1980s when Gawley investigated the use of oxazoline-derived chiral auxiliaries for the asymmetric 

synthesis of isoquinoline alkaloids obtained in high yields (84-93%) and enantiomeric excess that 

ranged from 80 to 94%.61 The study was then extended to the diastereoselective lithiation of 

different benzylic systems. The diastereoselectivities drastically improved when oxazolidinone 

chiral auxiliary 56 was employed compared to the amino-oxazoline 54. The chiral auxiliary was 

then removed to afford highly enantioenriched primary amines 58 (Scheme 12).62 Beak and 

coworkers reported that the lithiation of bicyclic carbamates occurred in a high diastereoselective 

fashion without the need of a chiral diamine ligand, such as the case of N-Boc-pyrrolidine (see 

Scheme 8 and 9). The pre-existing chiral centre in the carbamate 59 can in fact induce the 

stereoselective abstraction of the pro-S hydrogen leading to the formation of a configurationally 

stable carbanion (Scheme 13).63 
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Scheme 12. Synthesis of enantioenriched benzylamines 58 via diastereoselective lithiation of 

oxazolidinone 56. 

This tendency was then confirmed by DFT calculations that established that in the syn 

conformation there was a shorter distance between the carbonyl group and the pro-S hydrogen 

(2.78 Å compared with 3.70 Å in the case of the pro-R hydrogen) leading to a kinetically favoured 

lithiation. 

 

Scheme 13. Diastereoselective lithiation of bicyclic carbamates 59 and representation of the syn- 

versus the anti-carbanions. 

Besides the examples of alkyl and benzylic systems, there have been reports regarding the 

diastereoselective lithiation of allylic systems. In these cases, the lithiation may lead to a 
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delocalized carbanion and consequently the substitution can occur at a position either α or γ to 

nitrogen. In 1980 Ahlbrecht and coworkers reported the first example of diastereoselective 

lithiation-substitution of allylic amines, in particular cinnamylamines, and later extended their 

work to 1-substituted cynnamylamines.64 Lithiation-substitution of allyl amine 61 afforded the γ-

substituted enamines 62 that were hydrolyzed to the corresponding aldehyde (or ketone in case of 

1-substituted cynnamylamines) in good yield (68-80%) and enantioselectivities (80 to 88% ee) 

(Scheme 14). 

 

Scheme 14. Diastereoselective lithiation of cynnamylamine 61 for the synthesis of 

enantioenriched aldehydes. 

 

1.3.2.3 Urea and Urea Derivatives as Directing Group in Stereoselective Lithiation 

As broadly discussed before, the stereoselective lithiation α to heteroatoms is facilitated by 

the presence of a directing group, and in the majority of examples reported in the 1980s and 1990s, 

these groups are carbonyl groups in carbamates or tertiary amides.65 On the other hand, urea and 

its derivatives were scarcely employed as Directed Metalation Groups (DMGs) at that time. Earlier 

examples in non chiral substrates included urea derivatives such as N'-aryl-N,N-dimethylureas 

64,66 N-aryltetrahydropyrimidinones 65,67 indolyl-N,N-diethylurea 6668 and diaryl ureas 6769 

(Figure 11). 
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Figure 11. Examples of early urea derivatives as directing groups. 

Metallinos and coworkers reported the first examples of a (−)-sparteine mediated asymmetric 

lithiation of urea-fused piperidines.70 N-Boc-protected piperidines51 are not as easily deprotonated 

by lithiation as the N-Boc-protected pyrrolidines either under achiral conditions71 or when 

mediated by (−)-sparteine.72 In fact, bis-N-Boc-protected benzo-fused piperidines 

(octahydrophenanthrolines) are unable to undergo asymmetric lithiation because of steric 

crowding, which prompted Metallinos to simplify the system to a fused urea. The demonstrated 

utility of urea as a protecting and directing group for enantioselective lithiation and as a precursor 

to benzimidazolium salts for N-heterocyclic carbenes preparation (NHCs) was demonstrated for 

octahydrophenanthrolines. Thus, urea 68 underwent lithiation and electrophile quench by selective 

deprotonation of the pro-S hydrogen (Scheme 15)70 following the same trend of N-Boc-piperidines 

with slightly higher yield (25-30% compared to 8-28%) but lower enantiomeric ratios (84:16 er 

compared to 87:13 er).55  

 

Scheme 15. Asymmetric lithiation of fused phenanthroline-derived urea 68. 

A few years later Metallinos reported the synthesis of enantiomerically enriched pyrrolo-

imidazolidinones 70 (Scheme 16).73 (−)-Sparteine-mediated enantioselective lithiation-
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substitution of 70 led to the formation of unsaturated ureas 71 in enantiomeric ratios that ranged 

from 90:10 to 99:1 er. In the presence of TMEDA as an achiral diamine ligand instead, 70 

underwent diastereoselective lithiation to afford a series of derivatives 72 with a >95:5 dr. 

 

Scheme 16. Enantio- and diastereo-selective lithiation of unsaturated and saturated ureas 

respectively. 

Removal of the t-butyl protecting group required long and harsh conditions (48 hours reflux 

in trifluoroacetic acid and thioanisole) so attention shifted to finding a suitable protecting group 

that was stable enough under the lithiation condition but easily removable afterwards. The 

trimethylsilyl group was previously used by Hoppe for ortho-metalation of N-silyl protected O-

aryl carbamates and was easily removed under mild basic or acidic reaction conditions to give 

ortho-substituted phenols.74 A silyl protecting group (triethylsilyl, TES) was chosen in the highly 

diastereoselective synthesis of L-proline hydantoin-derived chiral urea derivatives 74 with syn 

stereochemistry at C5 (Scheme 17).75 The use of TMS in this case resulted in competitive lithiation 

of the silyl methyl groups. 

 

Scheme 17. Diastereoselective lithiation of TES-protected L-proline hydantoin urea 74. 
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The idea of using an N-based L-proline hydantoin chiral auxiliary in asymmetric synthesis 

was actually inspired by previous studies on diastereoselective lithiation of ferrocenyl 

phthalimidines in the Metallinos laboratory. Lithiation and in situ electrophile quench of 77 gave 

78 as the major product, plus less than 5% of an inseparable mixture of regioisomers and 

disubstituted products (Scheme 18).76  

 

Scheme 18. Diastereoselective lithiation of ferrocenyl phthalimidines. 

By NMR spectroscopy 78 appeared to be a single diastereomer meaning that 77 underwent 

a diastereoselective lithiation with a >95:5 diastereomeric ratio to give 78 as a racemate. This 

promising result, together with the preliminary achievement in the diastereoselective lithiation of 

the N-TES-protected L-proline-derived imidazolidinone in Scheme 17, prompted expansion of the 

scope of this new nitrogen-based chiral auxiliary derived from L-proline hydantoin. To this end, 

the chiral auxiliary was first applied to the highly diastereoselective synthesis of planar chiral 

ferrocenes.  

L-Proline hydantoin 82 was prepared via condensation of KOCN with L-proline 81 followed 

by crystallization in water (Scheme 19). 82 was then coupled to iodoferrocene 84 obtained through 

lithiation and iodine quench of ferrocene 83. Stepwise hydrosilylation of 85 with Schwartz’s 

reagent (Cp2ZrHCl) followed by TESCl addition afforded the TES-protected 86 as a single product 

with syn stereochemistry in 80% yield.3   
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Scheme 19. Synthesis of N-TES protected L-proline hydantoin ferrocene syn-86. 

Lithiation of syn-86 with t-BuLi proceeded through selective deprotonation of the pro-Sp 

hydrogen and following quench with various electrophiles gave planar chiral products 87 with 

>95:5 dr (Scheme 20).3 The absolute stereochemistry of the boronic acid derivative was proven 

by single crystal X-ray analysis. This result represented the first example of the application of a 

N-based chiral auxiliary in the diastereoselective synthesis of planar chiral ferrocenes.  

 

Scheme 20. Substrate scope of the diastereoselective lithiation of syn-86. 

Further studies of the reaction’s behaviour confirmed that the selectivity of the lithiation step 

was not influenced by the size of the lithium base used, but it was affected by the steric interaction 
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between the β-silyloxy moiety on the auxiliary with the lower unsubstituted Cp ring (Cp ring 

control). 

Based on this reasoning it was predicted that the anti-epimer of 86 would induce the opposite 

stereoselectivity in the lithiation-electrophile quench experiment. Thus, the anti-epimer was 

synthesized starting from the selective reduction of the amido carbonyl of ferrocenyl hydantoin 

85, which gave the configurationally unstable hemiaminal 88 (Scheme 21). This intermediate was 

then deprotonated by n-BuLi, and addition of TESCl gave a separable 1:1 mixture of the syn- and 

the anti-epimers in roughly the same yield. Subsequent exposure of anti-86 to the same lithiation 

conditions as before gave substituted planar chiral ferrocenes but resulting this time from the 

selective deprotonation of the pro-Rp hydrogen, again in high diastereomeric ratios (>95:5 dr).4 

Proof that the lithiation selectivity was reversed came by via the crystal structure of methyl 

derivative 89a. Further confirmation of this tendency was given by the comparison of the specific 

rotation of the solely planar enantiomeric congeners obtained from elimination of the β-silyloxy 

protecting group. Specifically, the methyl, sulfide and iodide derivatives from syn-86 and anti-86 

were treated with p-TsOH to give the isolated elimination products 90 and ent-90 that had opposite 

specific rotations, thereby proving that the products from diastereoselective lithiation of the 

epimeric 86 had opposite planar chirality (Scheme 22). 
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Scheme 21. Synthesis and substrate scope of anti-86. 

 

Scheme 22. Acid-induced elimination of 87 and 89 from syn- and anti-86. 

The study was then expanded to other planar chiral systems and the same chiral auxiliary 

(but with the i-Pr protecting group instead of TES) was used for the diastereoselective lithiation-

substitution of η6-arene chromium tricarbonyl complexes. Just like the ferrocene series, the two 

epimers led to products with opposite planar chirality, confirmed by the specific rotations of the 

corresponding elimination products (Scheme 23) and by the crystal structure of the thiomethyl 

derivative.5 
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Scheme 23. Diastereoselective lithiation and acid-induced elimination of epimeric 91. 

 The application of the L-proline hydantoin chiral auxiliary was also extended to systems 

with prochiral sp3 positions α to nitrogen. Thus, N-benzyl pyrroloimidazolone 96 underwent 

diastereoselective lithiation-electrophile quench to give products with diastereomeric ratios that 

ranged from 87:13 to 91:9 dr (Scheme 24).6 X-Ray crystallography of the major diastereomer of 

the benzophenone derivative established (R)-configuration at the benzylic centre.  

 

Scheme 24. Diastereoselective lithiation-substitution of N-benzyl derivative 96. 

All of the preceding examples showed some of the most important features of the L-proline 

hydantoin derived chiral auxiliary. First of all, its stability to the strong bases used in lithiation 

chemistry; second its propensity to provide products in high diastereomeric ratio (>95:5 dr) from 

stereoselective lithiation-substitution of sp2 (e.g., planar chiral ferrocenes and chromium 

tricarbonyl complexes) and sp3 prochiral positions (e.g., N-benzyl derivatives); third, that it can be 
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easily prepared in large quantities from the inexpensive and readily available amino acid L-proline 

(Scheme 25). Condensation of L-proline with PhNCO or KNCO afforded phenyl hydantoin 98 

and L-proline hydantoin 82 respectively. L-Proline hydantoin can be then converted to the N-

benzyl derivative 96 or the ferrocenyl hydantoin syn-86. In the case of phenyl hydantoin the amido 

carbonyl has been reduced and protected with silyl or alkyl groups (i.e., 99, 100, 101, Scheme 25).  

 

Scheme 25. Preparation of L-proline hydantoin chiral auxiliaries starting from L-proline. 

Finally, products with opposite stereoselectivity may be obtained in the diastereoselective 

lithiation-substitution because both syn- and anti-epimer of the starting materials can be 

synthesized from 81 without the need of unnatural and more expensive D-proline. This property 

clearly distinguishes these chiral auxiliaries from the now expensive and scarcely available (−)-

sparteine chiral ligand (for the reasons discussed above) and from the oxazolidinones where just 

one enantiomer can be prepared from one enantiomer of the auxiliary.  

Oxazolidinones are a well known class of chiral auxiliaries broadly employed by the 

scientific community and originally developed by Evans in the 1980s.77 They have been applied 

to a series of stereoselective transformations such as aldol reactions, Diels-Alder cycloadditions 

and alkylation reactions. They can be prepared from amino acids or amino alcohols, and some of 

them are commercially available (Figure 12).  
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Figure 12. Examples of some of the commercially available oxazolidinone auxiliaries. 

Their selectivity in oxazolidinone auxiliaries is induced by the steric hindrance exerted by 

the substituent at the positions α and β to nitrogen. Scheme 26 shows a representative example of 

a diastereoselective aldol reaction mediated by the oxazolidinone chiral auxiliary 105.78 Treatment 

of 106 with the Lewis acid dibutylboron triflate in presence of a base (NR3) gives a (Z)-enolate 

that reacts with benzaldehyde to give 107. Two adjacent stereocenters are formed in one step in 

this transformation.  

 

Scheme 26. Aldol reaction mediated by Evan’s oxazolidinone. 

Thus, starting from oxazolidinone 106 only product 108 was produced. In order to obtain the 

product with the opposite selectivity it was necessary to use the enantiomeric auxiliary derived 

from the unnatural amino acid. The case of L-proline hydantoin derived auxiliaries gives the option 

of using either the syn- or anti-epimeric starting materials, which can be easily prepared through 

selective reduction-protection of the amido carbonyl. This fact represents one of the advantages of 

its use over oxazolidinone auxiliaries in general. 

Traditionally, in the final step depicted in Scheme 26, chiral auxiliaries were removed and 

depending on the reaction conditions employed, the enantiomerically enriched product was 
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isolated either as a carboxylic acid (as the example in the scheme) or as an alcohol, thioester, 

benzyl ester, etc. Therefore, oxazolidinone auxiliaries are recovered intact and are not designed to 

leave the nitrogen atom in the final product. On the other hand, the L-proline hydantoin auxiliary 

is manipulable because it possesses a semi-labile hemiaminal ether that can be converted to other 

functional groups and enables retention of the nitrogen atom in the product. For example, the solely 

planar chiral imidazolones 90 obtained via acid-induced elimination of the OTES group in 87 can 

be converted to imidazolium salts 109 (Scheme 27).4 

 

Scheme 27. Examples of the L-proline hydantoin auxiliary’s manipulability. 

It is also possible to hydrolyze the chiral auxiliary completely to afford primary 

aminoferrocenes. To this end, O-desilylation of 87 with K2CO3 in MeOH led to an epimeric 

mixture of hemiaminals that, without purification, were reduced with NaBH4 in refluxing EtOH to 

furnish the ring-opened secondary ureas 110. Hydrolysis of ureas provided primary 

aminoferrocenes 111 while LiAlH4 reduction provided secondary aminoferrocenes 112. 
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In conclusion, the L-proline hydantoin auxiliary has been successfully applied to the 

stereoselective induction of planar chirality in prochiral systems such as ferrocene and π-arene 

Cr(CO)3, and for central chiral induction in N-benzyl derivatives. The selective reduction and 

protection of the amido carbonyl with different protecting groups (i.e., TES, i-Pr, Et) allows access 

to both syn- and anti-epimers of the starting material. The protecting groups serve the dual purpose 

of being stable enough under the lithiation conditions to induce stereoselectivity via steric 

differentiation but at the same time they can be easily removed and/or converted to other functional 

groups allowing one to retain nitrogen in various functional groups in the final product.  

 

1.3.3 Synthesis of Axial Chiral Allenes via Lithiation of Propargylic Systems 

Organolithiums can be used to synthesize axial chiral allenes through the formation of 

anions. One of the first examples was reported by Noyori and Nozaki at the end of the 1960s: gem-

dibromocyclopropane was treated with n-BuLi in the presence of (−)-sparteine to give an optically 

active allene with unknown enantiomeric excess through halogen-lithium exchange.79 

Organolithium chemistry for the synthesis of axial chiral allenes had been applied to few 

cases until Hoppe’s pioneering work on the asymmetric deprotonation of propargyl carbamates 

twenty years later. Hoppe, following his studies on carbamate derivatives, focused his attention on 

the (−)-sparteine-mediated lithiation of O- and S-propargyl carbamates for the highly 

enantioselective synthesis of either central chiral propargyl carbamates or axial chiral allenyl 

carbamates. Initially, O-propargyl carbamates were subjected to asymmetric lithiation (n-

BuLi/(−)-sparteine) in toluene, followed by electrophile quench (i.e., TMSCl, CO2/CH2N2) but the 

products were isolated with low enantioselectivities (6 to 31% ee). It was hypothesized that either 

the lithiated intermediates were not configurationally stable leading to an equilibration under the 

reaction conditions, or the deprotonation step proceeded with a low degree of enantioselectivity. 
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When the reaction was carried out in n-pentane instead of toluene, a highly enantioenriched 

product was isolated despite the fact that it was confirmed the anion had no configurational 

stability (Scheme 28).80 The high selectivity was attributed to crystallization of the chiral lithium-

carbamate complex from pentane (i.e. selective crystallization-induced dynamic resolution or 

CIDR). In this type of dynamic resolution (see section 1.3.2) the crystallization of one of the 

configurationally unstable diastereomeric lithiated intermediates (e.g., 114 in Scheme 28) is 

favoured over the other.81  

 

Scheme 28. Hoppe’s asymmetric synthesis of O-propargyl carbamates 113. 

Hoppe and coworkers were the first ones who reported the synthesis of axial chiral allenes 

via (−)-sparteine-mediated lithiation and titanium transmetalation of propargyl derivatives. 

Because lithiated propargylic systems can exist in either the alkynyllithium or allenyllithium 

resonance forms that are in equilibrium with each other, Hoppe explored the possibility of 

synthesizing axial chiral allenes starting from propargyl carbamates. To this end, O-propargyl 

carbamates 113 were subjected to the same lithiation conditions as before, but this time the lithium-

titanium transmetalation occurred before the electrophile quench. Addition of 1 M acetic acid after 

the transmetalation gave enantioenriched allenyl carbamates 117, while the aldehyde quench gave 

highly enantioenriched allenyl carbynols 119 (Scheme 29).  
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Scheme 29. Hoppe’s asymmetric synthesis of axial chiral O-carbamates. 

The high diastereoselectivity in the allenyl carbynols synthesis was explained by the 

formation of a Zimmerman-Traxler transition state 118 (i.e., six-membered transition states having 

a chair-like conformation) during the addition of the carbonyl group to the titanated alkynyl 

carbamate. The highly efficient transfer of central to axial chirality arose from the pericyclic nature 

of this addition which requires a suprafacial mode of attack. The same study was extended to S-

propargyl carbamates82 and 2-alkynyl aryl sulfides83 to give the corresponding sulfur-derived axial 

chiral allenes in high enantioselectivities (96 to 98% ee). 

In 2002 Seebach reported the diastereoselective synthesis of axial chiral allenes via lithiation 

of N-propargyl-oxazolidinones.84 This work represented the first example of allenamide synthesis 

mediated by an oxazolidinone chiral auxiliary instead of the chiral diamine ligand (−)-sparteine 

employed by Hoppe. In a preliminary experiment, lithiation of the N-propargyl-oxazolidinones 

followed by benzaldehyde quench afforded a complex mixture of products and, as confirmed by 

1H-NMR analysis of the crude product, only small amounts of the propargyl products together 

with the regioisomeric allenyl products were detected. The desired allenyl products could be 

isolated in high diastereomeric ratio only if the lithiated intermediate was transmetalated with 

chlorotitanium salts prior to the addition of the aldehyde. Thus, N-propargyl oxazolidinone 120 
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underwent lithiation followed by titanium transmetalation and aldehyde quench to give γ-

disubstituted allenamides 122 in >95:5 dr (Scheme 30). 

Scheme 30. Seebach’s protocol for the synthesis of γ-substituted allenamides. 

During screening of the reaction conditions it was found that ClTi(Oi-Pr)3 was the best 

titanium reagent for the transmetalation step, resulting in high stereoselectivities if the reaction 

mixture was allowed to warm up to −25 ˚C before aldehyde addition at −78 ˚C. In fact, it was 

observed that all four possible diastereomers could be detected in even lower diastereoselectivity 

(≈ 87:13 dr) if the aldehyde was added at −25 ˚C, or if the reaction mixture during the titanium 

transmetalation was not warmed up from −78 ˚C to −25 ˚C. These observations could mean that 

the titanium transmetalation step is slow and requires a higher temperature to completely displace 

lithium from the substrate. The outcome of the reaction was rationalized by the formation of a six-

membered chair-like transition state in which the aldehyde approaches the π-bond away from the 

i-Pr group of the auxiliary (121, Scheme 30). 

Several years later, Hsung and coworkers reported the synthesis of γ-disubstituted 

allenamides containing an imidazolidinone based auxiliary instead of the oxazolidinone used by 

Seebach. Following Seebach’s protocol, the N-propargyl imidazolidinone 123 was subjected to 

lithiation and titanium transmetalation, followed by aldehyde addition to afford the corresponding 

axial chiral allenamides 124 in slightly lower yields but with the same high diastereoselectivity 

(Scheme 31).85  
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Scheme 31. Hsung’s synthesis of γ-disubstituted allenamides from imidazolidinone auxiliary. 

Hegedus published the synthesis of highly enantioenriched γ-stannylated allenamides. 

Lithiation of TMS-protected N-propargyl oxazolidinone 125 afforded γ-stannylated allenamides 

127 in high dr via magnesium transmetalation using MgBr2•Et2O (Scheme 32).86 

 

Scheme 32. Hegedus’ synthesis of γ-stannylated allenamide and homopropargyl alcohols. 

The transmetalations proceeded via a highly stereoselective anti-SE2’ process from the less 

sterically hindered organomagnesium complex. The obtained stannylated allenamide 127 was then 

exposed to Lewis acid-catalyzed aldol reaction for the synthesis of homopropargyl alcohols 129. 

The highly stereoselective outcome of the reaction with aldehydes was explained by the formation 

of a Felkin-Ahn type transition state 128 in which the aldehyde approached the substrate with its 

large R group anti to the oxazolidinone auxiliary and from the face opposite to the large tributyltin 

group. 
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1.4 Applications of Allenamides 

As previously mentioned (see section 1.2), allenamides are electron-rich because of 

nitrogen’s capacity to donate its lone pair to the allenic moiety, which activates it toward 

electrophilic and nucleophilic additions in a highly regioselective fashion. Allenamides are 

therefore useful building blocks and their applications in organic chemistry has increased 

exponentially. Some of these applications include α- and γ-deprotonations, additions, 

cycloadditions but also isomerizations, cyclizations and rearrangements.21a 

 

1.4.1 α- and γ-Deprotonation Reactions of Allenamides 

In 2000 Hsung reported the first example of a highly regioselective α-deprotonation of 

allenamides with organolithium compounds followed by addition of an electrophile.87 The 

question was if an electrophile could be regioselectively added at the α position in an unsubstituted 

allenamide bearing one α proton and two γ protons available for deprotonation. The rationale 

behind this approach was that the α-deprotonation is preferred because of the stabilizing 

coordination effect of the lithium atom to the urea carbonyl. Preliminary lithiation-deuteration 

experiments revealed that use of n-BuLi in THF gave the best results in terms of yield and 

deuterium incorporation in the final α-deuterated allenamide. This procedure was subsequently 

extended to a series of allenamides to give various α-alkylated allenamides (Scheme 33). In the 

same paper, Hsung reported that the γ-deuterated product 132 could be isolated as a 50:50 mixture 

with 131 in 76% yield by using only t-BuLi as the base, indicating the lack of α/γ selectivity with 

this base. The selectivity toward γ-deprotonation could be improved, however, by using n-BuLi 

only if the α position was already substituted with another electrophile.  
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Scheme 33. Regioselective α-deprotonation/alkylation of allenamides. 

 

1.4.2 Cycloadditions 

1.4.2.1 [2+2] and [4+2]-Cycloadditions  

Allenamides have been widely applied in cycloadditions reactions. According to Woodward-

Hoffman rules,88 [2+2]-cycloaddition reactions are photochemically allowed but thermally 

forbidden. As a consequence, under photochemical conditions the cyclized products are isolated 

in good yields and with expected regio- and stereo-selectivity. If the reaction is carried out under 

thermal conditions instead, very high temperatures (usually above 200 °C) and long reaction times 

are required to isolate the corresponding products, often in low yields and/or low degree of regio- 

and stereoselectivity.  

Tamaru and coworkers published an interesting example of a thermal [2+2]-cycloaddition of 

allenamides with alkenes and alkynes.89 4-Vinylidene-2-oxazolidinones 136 underwent a [2+2]-

cycloaddition under relatively mild thermal conditions (80-100 °C) chemoselectively at the 
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terminal allenic double bond with a range of alkenes and alkynes to give the corresponding 

cyclobutanes 139 and cyclobutenes 140 in a high regio- and stereo-selective fashion (Scheme 34). 

 

Scheme 34. Thermal [2+2]-cycloadditions of 4-vinylideneoxazolidin-2-one 136. 

In order to explore the feasibility of the cycloaddition, a preliminary experiment was carried 

out between 136 and an excess of phenylacetylene for 4 hours at 100 °C. By 1H-NMR analysis of 

the crude reaction mixture, a single product was obtained. It was speculated that the favoured 

isomer E-141 resulted from the easier approach of the acetylene toward the allenic moiety through 

the opposite side of the sterically hindered N-tosyl group. However, NOE experiments confirmed 

that the isolated isomer was in fact Z-140. This result was highly reproducible and was extended 

to the synthesis of various cycloadducts starting from different oxazolidinones. The methodology 

proved to be general for a range of alkenes and alkynes bearing electron-donating or electron-

withdrawing groups. Electron-deficient alkenes such as ethyl acrylate, acrylamide and acrylonitrile 

also underwent [2+2]-cycloaddition at the terminal allenic double bond. In contrast, other electron-

deficient heterodienes like α,β-unsaturated aldehydes and ketones preferentially gave products of 
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an inverse electron demand [4+2]-cycloaddition at the internal allenic double bond to afford the 

spirocyclic products, together with the competing [2+2]-cycloaddition products (Scheme 35). The 

ratios between the two competing cycloadditions was attributed to the nature of the heterodiene, 

in particular to the way that different substituents can affect charge delocalization. Thus, the methyl 

group in methyl vinyl ketone increased the negative charge on the oxygen atom, activating the 

ketone for the [4+2]-cycloaddition. Conversely, the methyl group on the α-methylacrolein 

activated the aldehyde towards the [2+2]-cycloaddition and retarded the competing Diels-Alder 

reaction. 

 

Scheme 35. Inverse electron demand [4+2]-cycloaddition of 146. 

Hsung and coworkers started a study of inverse electron demand [4+2]-cycloadditions of 

allenamides in 1999.90 The reaction was first evaluated between allenamide 150 and acrolein or 

methyl vinyl ketone, and proceeded under both thermal and Lewis acid-catalyzed conditions to 

give the corresponding cycloadducts in moderate yield (i.e., 6-40%, Scheme 36). The five-

membered lactam allenamide starting material gave the best results in terms of yield compared to 

other lactams. It was postulated that in the case of larger and more flexible lactam rings the nitrogen 

lone pair is mostly delocalized towards the ring, reducing the electron density on the allenic moiety 
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and diminishing its reactivity. When the scope of the reaction was expanded to other allenamide 

starting materials it was found that substrates bearing an oxazolidinone or imidazolidinone 

auxiliary (152 in Scheme 36) were more reactive, giving products in higher yield.  

 

Scheme 36. Inverse electron demand [4+2]-cycloadditions of allenamides 150 and 152. 

With the optimized reaction conditions in hand, Hsung subsequently reported the first 

example of a stereoselective version of the same cycloaddition using chiral allenamides as starting 

materials.91 The reaction between a series of heterodienes and chiral allenamides was also 

examined (Scheme 37). Chiral allenamide 154 bearing the imidazolidinone group was most 

reactive towards a broad range of heterodienes, giving products in good yields and high 

diastereoselectivities (from 84:16 up to ≥96:4 dr). In general aryl vinyl ketones were very reactive 

giving the corresponding pyranyl heterocycles in shorter reaction times (2-4 hours) and better 

yields (70-85%) compared to acrolein, methyl vinyl ketone, and other alkyl vinyl ketones, which 

reacted in a range of 15 to 48 hours. Conversely, oxazolidinone-based chiral allenamides 155, 156 

and 157, being more thermally stable, reacted with methyl vinyl ketone and acrolein in lower yields 

and stereoselectivity. 
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Scheme 37. First stereoselective inverse electron demand hetero [4+2]-cycloadditions of 

allenamides.  

 

1.4.2.2 [3+2], [4+3] and [2+2+1]-Cycloadditions 

Together with their report regarding the [2+2] and [4+2]-cycloadditions (Scheme 34 and 35), 

Tamaru and coworkers investigated a [3+2]-cycloaddition of the same imidazolidinone 136 with 

nitrile oxide 167, which added exclusively to the internal allenic double bond to give 

diazadioxaspirocycles 168 (Scheme 38).89 The outcome of the reaction confirmed what was 

previously reported by Broggini and Zecchi regarding the thermal [3+2]-cycloaddition of 

allenamides with benzonitrile oxides.92 
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Scheme 38. [3+2]-cycloadditions of allenamides 136 with nitrile oxide 167. 

In the case of [4+3]-cycloadditions, a 3 atom π-system such as allyl or oxyallyl cations, is 

commonly used. In these systems, the presence of heteroatoms like nitrogen, oxygen or sulfur can 

stabilize the oxyallyl cation. A nitrogen-substituted oxyallyl cation can be obtained by epoxidation 

of allenamides. In 2001, Hsung and coworkers reported the first example of the epoxidation of 

chiral allenamides using dimethyldioxyrane (DMDO) as an oxidizing agent.93 In the same paper it 

was demonstrated that the oxalyl cation that was obtained could be used in a [4+3]-cycloaddition 

with cyclopentadiene to afford endo-I as the only product (Scheme 39). The reaction was thought 

to proceed through the formation of an allenoxide intermediate 169 that rearranged via a ring-

opening reaction to the nitrogen-stabilized oxallyl cation 170.   

 

Scheme 39. First epoxidation of allenamides 155 and [4+3]-cycloaddition with cyclopentadiene. 

The investigation was extended to furan as the cycloaddition partner, which allowed for 

isolation of the endo diastereomer but with moderate diastereoselectivity (up to 82:18 dr). After a 

screening of solvents, temperature and additives in order to improve both the yield and 

stereoselectivity, it was discovered that by adding 2.0 equivalents of ZnCl2 and decreasing the 
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temperature up to −78 °C in THF, the desired product could be isolated in 80% yield and a >96:4 

dr (Scheme 40). 

 

Scheme 40. [4+3]-cycloaddition of allenamide 155 with furan. 

Of the two possible conformations (A and B) of allenamide 155, A was determined to be 

favoured because it possesses a lower dipole interaction and because, in this conformation, the 

allenamide ring is coplanar with the allenic moiety (Figure 13). DMDO would add from the less 

congested face in this scenario.   

 

Figure 13. Favoured endo approach in the furan addition to intermediate D. 

Zinc was initially thought to chelate to both oxygen atoms in D increasing the conformational 

rigidity of the oxallyl cation and thereby promoting the stereoselective induction. It was in fact 



48 
 

rationalized that the reaction proceeded through the preferred addition of furan from the less 

sterically hindred face of the intermediate C (i.e., away from the bulky phenyl ring). 

The scope of the reaction was further expanded to differently substituted allenamides. The 

yields were satisfactory even with allenamides bearing bulky substituents α to nitrogen. 

Surprisingly, the endo cycloadducts were isolated with a high degree of diastereoselectivity also 

in the absence of ZnCl2. Performing the same reaction but with 2-substituted furans resulted in a 

reversal of diastereoselectivity; the endo-II type product was favoured in the cycloaddition 

between allenamide 155 and methyl 2-furoate.94 These results somehow challenged the proposed 

mechanism and prompted a detailed reanalysis of the regiochemical outcome of the cycloaddition 

with computational studies.95 Although the Z-oxallyl cation of 155 was supposed to be favoured 

because of the double chelation between zinc and the two oxygens, DFT calculations revealed that 

only the E isomer had a minimum energy in the reaction, with or without the presence of ZnCl2, 

and that indeed a bidentate chelation was not present. Transition state TS-II, which led to the minor 

endo-II product, was logically assumed to be preferred because of a lack of any steric interactions 

with the phenyl group in the oxazolidinone (Figure 14). However, the addition of furan from the 

most crowded face in TS-I was favoured instead because of a stabilizing interaction between the 

β hydrogen in furan with the π-system in the phenyl ring α to nitrogen, affording endo-I as the 

major product. 

 

Figure 14. Transition states for the E-oxallyl isomer. 
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It was also calculated that in presence of ZnCl2 the E-isomer was more stable than the Z 

isomer by 6.2 kcal·mol-1. The Lewis acid served just to lower the activation energy barrier for the 

reaction. 

Besides [4+2] and [4+3]-cycloadditions, Hsung and coworkers explored a rare case of 

[2+2+1]-cycloaddition of allenamides. To this end, derivative 171 was synthesized following the 

already established lithiation conditions (with HMPA as an additive) and was subjected to an 

intramolecular Pauson−Khand-type cycloaddition (Scheme 41)87 using Mo(CO)6 to 

regioselectively afford the [2+2+1]-cycloadduct 172 in favour of the terminal olefin. The 

regioselectivity was explained by complexation of the molybdenum atom to the more sterically 

accessible terminal olefin. This result represented the first example of a Pauson−Khand-type 

reaction involving N-substituted allenes.  

 

Scheme 41. Pauson−Khand-type cycloadditions of allenamides 152 and 155. 

 

1.4.3 Isomerization Reactions 

Allenamides have also been involved in isomerization reactions. Along this line, regio- and 

stereo-selective isomerization of allenamides for the synthesis of 2-amido dienes were 

subsequently converted to a cyclic diene via a 6π-electron electrocyclic ring closure.96 Allenamide 
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173 could undergo the desired isomerization under either thermal conditions (condition A) or 

Brønsted acidic conditions (condition B) to give the corresponding diene in high yield and good 

regio- and stereo-selectivity (Scheme 42). The choice of the reaction conditions depended on the 

substrate and how differently substituted oxazolidinones underwent the 1,3-hydride shift to give 

predominantly the E isomer (confirmed by single crystal X-ray structure). Unsubstituted amido 

dienes have also been isolated in good yields (181). 

 

Scheme 42. Scope of the isomerization of allenamides 173. 

Isomerization was not limited to α-allenamides but could be expanded also to γ-allenamides. 

Thus, 1-amido-dienes were isolated exclusively as E-isomers in excellent yields (88-98%) under 
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acidic conditions. In order to obtain similar high yields under thermal conditions, longer reaction 

times and/or higher temperature were necessary. This isomerization protocol was exploited for the 

synthesis of N-cyclic dienes. To this end, the 3-amido-diene 185 obtained through isomerization 

of allenamide 184 underwent subsequent thermal 6π-electron electrocyclic ring closure to afford 

the 2-amido cyclic diene 186 in 84% yield (Scheme 43). The desired cyclic diene 186 could also 

be obtained directly from 184 via a tandem isomerization-electrocyclic ring closure under thermal 

conditions, but in lower yield.  

 

Scheme 43. Tandem isomerization-electrocyclic ring closure of allenamide 184. 
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2 Aims & Objectives 

The aims of the current work are to extend the application of the L-proline hydantoin derived 

chiral auxiliaries to N-propargyl systems. The auxiliary proved to be very effective in the 

stereoselective induction of planar chirality in systems such as N-substituted ferrocenes3,4 and π-

arene Cr(CO)3 complexes,5 and central chirality in N-benzyl systems.6 The objectives of this work 

are to expand the auxiliary’s scope to the induction of central chirality in N-propargyl derivatives 

and axial chirality in axial chiral N-allenes starting from the same N-propargyl imidazolone starting 

material. The initial approach of this research is to synthesize the required starting material syn-

188 starting from L-proline hydantoin 82 following a similar procedure to the previous reported 

synthesis of the N-benzyl counterpart (Scheme 44). Then, it is expected that asymmetric lithiation 

of syn-188 will afford the required substituted N-propargyl products 189 and/or the corresponding 

N-allenes 190 in a highly diastereoselective fashion.  

Scheme 44. Proposed synthetic route to N-propargyl imidazolone syn-188 and its lithiation-

substitution to give N-propargyl products 189 and N-allenes 190. 

The optimization of the lithiation conditions will be pursued through a screening of bases, 

solvents, temperatures and a variety of electrophiles. Therefore, the primary intent of the research 
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is to establish if the pyrroloimidazolone syn-188 can induce central and axial chirality with a high 

level of diastereoselectivity and to determine if this stereoselectivity arises from an asymmetric 

deprotonation or asymmetric substitution. The absolute stereochemistry of both propargyl and 

allene derivatives will be confirmed by X-ray crystallography. 

In this work it will be examined if transmetalation can influence the preparation of axial 

chiral N-allenes in high diastereomeric ratio (>95:5 dr). 

The second goal is to determine if a reversal of lithiation selectivity can be induced with 

similarly high level of stereoinduction by using the epimeric starting material. This tendency can 

then be proved by subsequent synthesis and comparison of the solely central chiral derivatives 191 

and ent-191 (Scheme 45), as it was demonstrated previously for N-substituted ferrocenes and 

ArCr(CO)3 complexes. 

 

Scheme 45. Reversal of lithiation selectivity of epimeric starting materials. 

The final goal is to explore the application of the N-allenes derivatives in lithiation reactions 

for the synthesis of α-substituted allenes and in potential [2+2]- and [4+2]-cycloadditions with 

electron-rich and/or electron-poor dienes, hetero-dienes, alkynes and alkenes. 
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3 Results and Discussion 

3.1 Synthesis and Diastereoselective Lithiation of Epimeric N-Propargyl 

Pyrroloimidazolones for the Synthesis of Central Chiral N-Propargyl Derivatives 

The first goal of this program was to find a suitable propargylic functional group for the 

synthesis of the new N-propargyl pyrroloimidazolones. The propargylic functional group would 

require substitution at the terminal end to protect the triple bond under the lithiation conditions, 

while also removing an acidic acetylenic proton. As reported by Hoppe,80 Seebach84 and Hsung85 

(see section 1.3.3), the trimethylsilyl group (TMS) was considered as a better choice than t-Bu or 

other alkyl groups, which also provided for the possibility of its removal in advanced 

intermediates. The required starting material was synthesized starting from L-proline hydantoin 

82 that was prepared following the known procedure of condensation between L-proline 81 and 

potassium cyanate (KOCN) in water (Scheme 46). The TMS-propargylbromide 195 required for 

the N-substitution step was prepared in two steps from propargyl alcohol 193. Following a 

literature  procedure, double deprotonation of 193 followed by TMSCl addition and acidic work-

up afforded the desired TMS-protected propargyl alcohol 194 in 92% yield after vacuum 

distillation.97 Treatment of 194 with PBr3 under reflux in Et2O for 3 hours98 furnished the required 

propargyl bromide 195, ready for the subsequent N-propargylation step. Previous experiments with 

the N-benzylation of L-proline hydantoin with potassium carbonate in refluxing acetonitrile 

revealed that the chiral centre of  L-proline hydantoin was prone to racemization.99 This procedure 

was therefore replaced by one in which L-proline hydantoin 82 was initially treated with 1 

equivalent of sodium hydride in DMF at 0 °C to generate the imide anion. Subsequent addition of 

bromide 195 gave the starting material precursor 187 as a clean product but in low yield (38%). 

By using a slight excess of NaH it was possible to improve the yield of 187 to 83%. A final key 

step was hydrosilylation of the amido carbonyl in the hydantoin. In the previous examples of 
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ferrocenyl and benzyl-substituted starting materials, the protection step was achieved by treatment 

of either substrate with Schwartz’s reagent (Cp2ZrHCl) followed by in situ protection of the 

intermediate hemiaminal alkoxide with chlorotriethylsilane (TESCl) to afford the desired silyloxy-

protected starting material. In the case of the N-propargyl derivative, the first question to answer 

was if the preferred reagent, Cp2ZrHCl, could chemoselectively reduce the amido carbonyl of the 

hydantoin in the presence of an internal alkyne. Therefore, a preliminary experiment was required 

to determine the feasibility of the selective reduction-protection of the amido carbonyl. To our 

delight, reduction with exactly 1 equivalent of Cp2ZrHCl followed by in situ silylation occurred 

chemo- and stereo-selectively to give the desired starting material 188 exclusively with syn 

stereochemistry in 79% yield.  

 

Scheme 46. Synthesis of syn-188 from propargyl bromide 195 and L-proline hydantoin 82. 

With the starting material in hand, the diastereoselective synthesis of substituted N-propargyl 

derivatives was studied. Since Hoppe was the first to report a highly diastereoselective synthesis 

of α-substituted alkynes via (−)-sparteine-mediated lithiation of O-propargyl substrates (see 
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Scheme 28), this procedure was adapted for the syn N-pyrroloimidazolone. In preliminary 

experiments lithiation of syn-188 with n-BuLi in n-pentane was followed by electrophile quench 

using TMSCl and CH3I (Scheme 47). Under these conditions the desired mono-substituted 

products were not isolated. Surprisingly, however, only the unexpected disubstituted products 196 

were formed as confirmed by 1H-NMR analysis of the crude products. A slight excess of base (1.2 

equivalents) led just to improved yields. The disubstituted methyl derivative 196b was easily 

isolated and purified for full characterization. The 1H-NMR spectrum of 196a presented various 

impurities even after column chromatography, which challenged attempts for its full 

characterization.  

 

Scheme 47. Preliminary results of the lithiation of syn-188. 

The formation of disubstituted products at the propargyl position is unusual under these 

reaction conditions and as far as we know, no similar results have been previously reported in the 

literature. It is reasonable to think that at least 2 equivalents of base would be needed in order to 

deprotonate the substrate twice and get the corresponding di-substituted product. However, in this 
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case only an equimolar amount of base was sufficient to induce double propargyl substitution. This 

interesting result led us to consider if the α propargylic protons in N-pyrroloimidazolone syn-188 

are actually more reactive than the α propargylic protons in Hoppe’s O-carbamates. If so, the 

mono-lithiated intermediate 197 could conceivably undergo a second deprotonation, leading to an 

allenic dianion (198) that would be subsequently quenched in regioselective manner twice by the 

electrophile, CH3I (Scheme 48).  

 

Scheme 48. Proposed mechanism for the formation of the di-substituted propargylic product. 

Hoppe found that n-pentane was the right solvent in the case of the lithiation of O-propargyl 

carbamates because it favoured the crystallization of the lithiated intermediate allowing the 

formation of the desired product in high enantiomeric ratios.80 It was, in fact, confirmed that the 

lithiation proceeded via a crystallization-induced dynamic resolution that was probably facilitated 

by the presence of (−)-sparteine. This behaviour was not observed for syn-188, although minor 

precipitation was detectable during the lithiation.  

Given the sometimes low solubility of the lithiated intermediates, a change in the reaction 

conditions was necessary. A more polar solvent was expected to increase the solubility of both the 

substrate and its intermediate. Therefore, additional lithiation experiments were carried out using 
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n-BuLi in tetrahydrofuran (THF) as the solvent. This change in solvent solved the solubility issue 

but no trace of the desired mono-substituted product was observed. Addition of TMEDA as an 

achiral additive, work-up of the reaction at low temperature (−78 °C), or inverse addition of the 

anion to the electrophile, also led only to the isolation of the disubstituted derivative. 

At this point, it was clear that our propargyl pyrroloimidazolone substrate needed a totally 

different set of lithiation conditions. To find workable conditions for the diastereoselective 

lithiation of syn-188 and to determine the potential for stereoselective induction at the N-propargyl 

position, lithiation-deuteration experiments were conducted. The lithiation of syn-188 with n-BuLi 

followed by D2O quench was carried out in different solvents in order to establish the optimum 

reaction conditions (Scheme 49).  

 

Scheme 49. Screening of solvents for the deuteration experiment. 

These experiments demonstrated that lithiation could occur with a high level of 

diastereoselectivity (>95:5 dr) to give the desired monosubstituted product with the anticipated 

stereochemistry shown, only when the reaction is carried out in THF or Et2O. Addition of TMEDA 

led only to a slight increase in yield when THF was used as the solvent. Deuterium substitution 
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was easily established by the analysis and comparison of the 1H-NMR spectra of the deuterated 

products and starting material syn-188 (Figure 15). The two diastereotopic propargyl protons of 

the starting material syn-188 appeared in the 1H-NMR spectrum as two different doublets. The 

deuteration experiment represented an easy way to determine if the lithiation was stereoselective 

because deuterium incorporation leads to the disappearance of one of the two doublets (i.e. the 

selective loss of one of the two diastereotopic protons) while the remaining doublet is converted 

into a broad unresolved triplet, without affecting any other signals. As shown in Figure 15, in the 

deuterated product (lower spectrum) the signal at 4.31 ppm (tentatively assigned to the pro-HS 

hydrogen) was missing, indicating high selectivity in deuterium incorporation. The signal at 3.61 

ppm, likely corresponding to the pro-HR hydrogen, appeared as an unresolved triplet from coupling 

to deuterium. The selective deuteration could be achieved only when the reaction was carried out 

in THF or Et2O as shown in Scheme 49. Deuteration was completely unselective when toluene or 

methyl t-butyl ether were used as solvents. In both cases, in fact, the 1H-NMR spectrum of the 

product showed the same relative integrations, indicating that both the diastereotopic protons were 

substituted with deuterium to an equal extent. 
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Figure 15. Comparison of 1H-NMR spectrum of syn-188 (top) versus deuteride 189a (bottom). 

pro-HS       pro-HR 

 

pro-HR 
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Having established that selective deuteration was possible, the next step was the expansion 

of electrophile scope. Thus, starting material syn-188 underwent lithiation with n-BuLi in 

THF/TMEDA followed by quench with various electrophiles. Unfortunately, all other 

electrophiles gave products with no selectivity.  The reaction was diastereoselective only when a 

deuterium source was used as the electrophile; the use of methanol-d4 in place of deuterium oxide 

afforded 189a in slightly higher yield (80% compared to 67%). Quench with different electrophiles 

such as TMSCl or MeI again resulted in exclusive formation of the undesired disubstituted 

products or in an inseparable mixture of the epimeric monosubstituted products (when Me2SO4 

and (SMe)2 were used as electrophiles). The outcome of the lithiation with n-BuLi both in terms 

of selectivity and type of product formed seemed to be highly dependent on the electrophile used. 

It was concluded that n-BuLi was too strong of a base for lithiation of syn-188 that results in 

dianion formation and/or epimerization of monosubstituted product. The selective formation of 

the deuteride 189a was likely a result of the speed with which this electrophile reacted to arrest 

any carbanions of the substrate during quench, in comparison to other electrophiles.  

Based on the preceding results, attention was switched to weaker lithium amide bases such 

as lithium diisopropylamide (LDA) and lithium 2,2,6,6-tetramethyl piperidide (LiTMP). In 

preliminary experiments, lithiation mediated by LiTMP was studied by varying parameters such 

as time, solvent, and equivalents of base. Experiments were carried out in Et2O or THF using 

dimethyl sulfate (Me)2SO4 as the electrophile. It was found that prolonged lithiation times (one to 

two hours) were not required but resulted instead in a low yield (33%) of the desired 

monosubstituted product. The use of excess of base (1.5 or 2 equivalents) had a detrimental effect 

on the reaction leading to a complex mixture of products and low yield of the mono-methylated 

derivative (26-30%). After extensive screening of reaction conditions, the combination of Et2O as 

solvent and either LiTMP or LDA as the bases (1.1 equivalents for 0.5 hours) was found to afford 
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exclusively the desired monosubstituted product in acceptable yields, and more importantly in 

>95:5 dr. Application of these conditions and quench of the reaction mixture with a series of 

different electrophiles (Scheme 50) furnished all products in >95:5 dr as determined by 1H-NMR 

analysis. Under the optimized conditions, even deuteride 189a was obtained in much better yield 

compared to experiments using n-BuLi and using methanol-d4 as the deuterium source (see 

Scheme 49). The methyl derivative 189b was isolated in very good yield using dimethyl sulfate 

instead of methyl iodide, possibly because of the higher stability of the resulting monomethyl 

sulfate as leaving group compared to the iodide ion. Initially, the use of benzyl chloride as the 

electrophile afforded the corresponding benzyl derivative 189e in poor yield (36%) and low 

diastereomeric ratio (73:27 dr). When benzyl bromide was used instead the desired product was 

isolated in better yield and comparably higher diastereomeric ratio (>95:5 dr).  

 

Scheme 50. Diastereoselective synthesis of propargyl derivatives 189a-e. 

The reaction gave good results only when the deuterated, carbon or heteroatom (e.g. (SMe)2) 

electrophiles shown in Scheme 50 were used. Stereoselectivity was lower when ethyl bromide or 

TMS-propargyl bromide (196) were used as electrophiles, giving products in 84:16 and 58:42 dr, 

respectively. The corresponding products were also difficult to separate chromatographically, 
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given their matching Rf values and presenting unknown impurities in the 1H-NMR spectrum even 

after purification. Low selectivity was also observed in an attempted stannylation with R3SnCl 

reagents (where R = n-Bu, Me, Ph), which gave the corresponding products as impure adducts in 

a 50:50 dr.  

At this point it was important to establish if the products of lithiation-electrophile quench 

had the same relative stereochemistry, and if the stereoselectivity of the lithiation arose from an 

asymmetric deprotonation or an asymmetric substitution. One easy way to determine if the 

products had the same relative stereochemistry was by a transmetalation experiment, as was done 

previously for stannylated derivatives in the N-benzyl case,6 in which the stannane derivative was 

subjected to transmetalation followed by quench with benzophenone, trimethylsilyl chloride and 

iodomethane. All products were obtained in diastereomeric ratios that were identical to those 

obtained by direct lithiation and electrophile quench of the N-benzyl starting material, suggesting 

that in all cases products had the same relative stereochemistry. A similar transmetalation 

experiment was not possible for N-propargyl substrate because the stannanes could not be prepared 

in a selective manner.  

To determine the mechanism of the lithiation-substitution (i.e., asymmetric deprotonation 

versus asymmetric substitution), a selectively prepared deuterated product can be re-subjected to 

lithiation and electrophile quench. In the case of the benzyl series, such an experiment resulted in 

significant erosion of the selectivity of the reaction upon benzophenone quench compared to direct 

lithiation-benzophenone quench of the non-deuterated analogue. This observation was attributed 

to a primary kinetic isotope effect (KIE) that implicated deprotonation as the stereo-determining 

step of the reaction. To see if a similar primary KIE could be observed in the new propargyl series, 

the deuterated product 189a was subjected to the lithiation conditions followed by quench with an 

electrophile. Thus, the lithiation of deuteride 189a with LDA followed by quench with dimethyl 
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sulfate (Scheme 51) gave the methylated product that was indistinguishable from the product of 

direct deprotonation-methylation of syn-188 by comparison of spectroscopic and specific rotation 

data. The lack of stereochemical degradation in this experiment indicated that the carbanion did 

not have configurational stability and that the reaction probably followed an asymmetric 

substitution pathway. This observation is not surprising considering the known ambident nature of 

propargyl anions of this type, and it served to explain the sensitivity of stereoselectivity to 

electrophiles such as ethyl bromide, TMS-propargyl bromide and perhaps chlorostannanes. 

 

 Scheme 51. Diastereoselective lithiation of deuteride 189a to give 189b. 

In all derivatives the stereochemistry at the propargyl position was assigned based on the 

reasoning that the stereoselectivity was governed by a favoured approach of the electrophile 

towards the most accessible face of the anionic substrate. A crystal structure would have given 

proof of the absolute stereochemistry. However, all the obtained products (i.e., 189a-e) were oils. 

It was anticipated that desilylation of the chiral propargyl adducts would result in materials with 

greater chance of being crystalline materials. For this reason, the benzyl derivative 189e was 

treated with K2CO3 in MeOH to afford the corresponding hemiaminal 200 in very good yield after 

only 20 minutes at room temperature (Scheme 52). Treatment with potassium carbonate led to the 

double desilylation of both the TMS and TES protecting groups at the terminal alkyne position 

and on oxygen respectively, as confirmed by NMR and IR spectroscopy. 1H-NMR also showed 

that the reaction led to the epimerization of the hemiaminal to the anti-stereochemistry, probably 

via formation of an iminium ion and subsequent attack by water from the opposite face of the ring. 
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Scheme 52. Synthesis of the hemiaminal 200. 

Hemiaminal 200 was isolated as a white powder that was easily recrystallized in 

Et2O/hexanes to give colourless crystals suitable for X-ray analysis. The corresponding crystal 

structure depicted in Figure 16100 confirmed our prediction that the propargyl position had (S)-

configuration with the benzyl substituent anti to the two pre-existing syn stereocenters of the 

auxiliary. It was also confirmed that the silyloxy deprotection proceeded with inversion of 

stereochemistry giving a configurationally stable anti hemiaminal. The relative stereochemistry at 

the propargyl position was tentatively assigned to derivatives 189a-e. 

 

 

 

 

 

 

 

 

 

 

Figure 16. ORTEP depiction of hemiaminal 200 (most hydrogens omitted for clarity). 
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As it was previously established in the ferrocene chemistry, the lability of the silyloxy group 

can be exploited to convert the chiral auxiliary into other functional groups leaving the nitrogen 

atom in the final product.3 Therefore, with hemiaminal 200 in hand, the possibility of converting 

it first to the open urea and further to the corresponding primary and/or secondary amine was 

explored. In contrast to the N-ferrocene substrate, it was found that the propargylic open urea 201 

could be prepared in very high yield (93%) by treatment of hemiaminal 200 with sodium 

borohydride in a mixture of i-PrOH/H2O by adapting a literature procedure101 (Scheme 53). The 

subsequent hydrolysis of the open urea was studied both under basic (e.g., KOH in dioxane, NaOH 

in MeOH, etc.) and acidic (e.g., 8 M HCl in dioxane) conditions but unfortunately no conversion 

to the desired amine 203 was noticed. In most of the cases the starting material was completely 

recovered intact or decomposed to unknown compounds after a long period of time under reflux. 

It was envisioned that the unprotected terminal alkyne may be too sensitive to the hydrolysis 

conditions and that its full reduction to the alkane could solve this issue. Thus, hydrogenation of 

the triple bond in 201 with H2 and Pd/C proceeded smoothly, affording the corresponding alkane 

202 in 94% yield. Unfortunately, open urea 202 proved to be too stable under both basic and acidic 

hydrolysis conditions. Even LiAlH4 reduction did not afford the desired secondary methyl amine.  
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Scheme 53. Synthesis of open ureas 201 and 202 and attempted hydrolysis to the corresponding 

amines 203 and 204. 

 

3.2 Synthesis and Diastereoselective Lithiation of Epimeric Anti-N-Propargyl Starting 

Material  

In the previously reported examples of ferrocenes3,4 and chromium tricarbonyl complexes5 

by Metallinos’ group, high stereoselectivity in the lithiation reactions was induced primarly by the 

stereochemistry of the silyloxy or alkoxy protecting groups in the pyrroloimidazolone auxiliary. 

In order to investigate this effect on the propargyl series, the synthesis of the epimeric starting 

material was investigated to establish if it would induce lithiation with the opposite 

stereoselectivity (i.e., pro-R rather than pro-S lithiation).  

Following a similar procedure for the synthesis of the anti-86 ferrocene substrate (see 

Scheme 21), starting material precursor 187 was treated with Schwartz’s reagent to give, after only 

15 minutes, the corresponding hemiaminal 205 in excellent yield (97%, Scheme 54). In contrast 

to the ferrocene case, the hemiaminal was configurationally stable with syn stereochemistry of the 
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methine that was confirmed by 1H-NMR analysis, which appeared as a triplet (3J = 6.0 Hz) from 

coupling to both the hydroxyl proton and the α bridged proton of the pyrrolidine ring. Hemiaminal 

205 underwent lithiation with n-BuLi at 0 °C and after screening of the reaction conditions it was 

established that the reaction mixture needed to be heated up to induce epimerization before the 

addition of the silyl protecting group to afford the desired anti-188. In fact, if the reaction was 

carried out at 0 °C no equilibration of epimers was observed, leading to exclusive isolation of syn-

188. The best ratio between anti- and syn-188 (i.e., 80:20) was obtained by warming up the reaction 

mixture to 40 °C for 2 hours. Higher temperatures and reflux caused loss of the TMS protecting 

group at the terminal propargyl position and subsequent decomposition. The two epimeric starting 

materials could be separated by careful column chromatography despite their similar Rf values. 

The epimeric anti starting material (anti-188) could be easily distinguished by comparison of the 

1H-NMR spectrum in which the characteristic signal of the methine proton α to the OTES group 

was found to be a singlet at 5.3 ppm because of its near orthogonal dihedral angle with the α 

pyrrolidine proton of the hydantoin, whereas in syn-188 the methine appeared as a doublet. 

 

Scheme 54. Synthesis of anti-188. 
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Epimer anti-188 was subjected to the same lithiation conditions used before for lithiation of 

the syn-epimer. Therefore, treatment with LDA in Et2O was followed by quench with methanol-

d4, dimethyl sulfate and benzyl bromide to give N-propargyl derivatives 192a-c (Scheme 55).  

 

Scheme 55. Diastereoselective synthesis of 192a-c.  

All reactions afforded the corresponding products as single diastereomers (>95:5 dr) and in 

comparable yields as the ones obtained from the epimeric starting material syn-188. 

The configuration at the propargyl position of the anti-188 derivatives was assigned based 

on the reasoning that the electrophile would approach the most accessible face (i.e., away from the 

bulky silyloxy protecting group) preferentially, leading to the stereochemistry shown in Scheme 

55. To support this hypothesis, substituted propargylic products derived from both syn- and anti-

188 were subjected to acid-induced elimination to give products with only a propargyl chiral 

center. Specifically, the methyl and benzyl adducts 189b,e and 192b,c were treated with p-TsOH 

in CH2Cl2 to afford, in only 10 minutes at room temperature, the corresponding elimination 

products 191a,b and ent-191a,b in high yield (81-96%, Scheme 56). Proof that the epimeric 

starting materials were able to induce lithiation with opposite stereoselectivity in >95:5 dr was 

confirmed by comparison of the specific rotation of each imidazolone. Products 191a,b and the 

corresponding counterparts ent-191a,b had equal but opposite specific rotation confirming that 

products derived from epimeric substrates had opposite configuration at the propargyl position.  
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Scheme 56. Acid-induced elimination of 189b,e and 192b,c. 

This experiment further confirmed the capacity of the silyloxy protecting group to induce the 

desired stereoselectivity based on its configuration. 

 

3.3 Diastereoselective Synthesis of Axial Chiral Allenamides Using Epimeric 

Pyrroloimidazolones 

It has been demonstrated that syn-188 is a valuable starting material for the diastereoselective 

synthesis of N-propargyl derivatives in >95:5 dr for most electrophiles. In addition, the epimeric 

starting material anti-188 served as a pseudo enantiomer for the preparation of products with the 

opposite stereochemistry at the propargyl chiral centre, as verified by elimination experiments and 

specific rotation values. To expand the utility of syn- and anti-188, the effect of electrophiles other 

than alkyl functional groups was studied. To this end, simple silyl derivative such as TMSCl and 

carbonyl groups like ketones and aldehyde were selected. The latter electrophiles are known to 

give access to allenes from related allenamide derivatives if there is an intermediate 
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transmetalation step from lithium to titanium. Similar transmetalation to titanium was also required 

to obtain allene derivatives in Hoppe’s O-carbamates using carbonyl electrophiles.  

The effect of TMSCl as electrophile was studied both under conventional external quench 

and in situ quench conditions. The in situ quench technique, introduced by Martin for 

deprotonation-silylation of cyanobenzene,102 involves premixing of the electrophile and the 

lithium amide base (i.e., LDA or LiTMP) at low temperature before the addition of the substrate. 

As soon as the lithiated intermediate forms, it is immediately trapped by the electrophile thus 

favouring formation of the kinetic product in a highly regioselective manner. This result implies 

that the electrophile must be stable or unreactive with the lithium amide base. Electrophile/base 

combinations such as TMSCl/LDA or LiTMP,102 Bu3SnCl/LiTMP,103 and B(Oi-Pr)3/LDA104 

represent the most common examples of this in situ approach.  

In a preliminary study both the outcome of sequential and in situ lithiation experiments were 

studied. Surprisingly, it turned out that sequential lithiation led to the exclusive formation of allene 

190a in 75% yield and >95:5 dr (Scheme 57). Again, both LiTMP and LDA gave comparable 

results in terms of yield and dr. The allene formation was confirmed by a characteristic peak in the 

13C-NMR of the sp-hybridized carbon of the allene moiety around 200 ppm, and by the 

corresponding IR absorption at ≈ 1900 cm-1. The in situ quench experiment led to the same 

derivative 190a in much lower yield (16%), in addition to by-product 206. In this last experiment, 

it is possible that 190a is even more prone to a second lithiation quench by TMSCl than syn-188, 

leading to the formation of 206. Elimination of the labile silyloxy group may be promoted either 

by excess of the Lewis acidic TMSCl or by work-up at room temperature. The substrate was not 

stable under these conditions leading only to a low conversion and a mixture of products. The in 

situ quench pathway was therefore discarded since good results were achieved via the usual 

sequential lithiation-electrophile quench approach.  
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Scheme 57. Sequential versus in situ lithiation-quench of syn-188 with TMSCl. 

As mentioned in section 3.1, stannylation of syn-188 gave only a racemic mixture of impure 

propargylic derivatives. Recalling Hegedus’ synthesis of γ-stannylated allenamide, illustrated in 

Scheme 32,86 lithiation of syn-188 followed by magnesium transmetalation and quench with 

tributyltin chloride afforded a clean mixture of allenic stannylated products 207 in 85:25 ratio in 

favour of the Sa allene (Scheme 58). As in Hegedus example, the axial chiral configuration of the 

major allenylstannane diastereomer was tentatively assigned assuming that transmetalation from 

magnesium to tin occurred from the less sterically hindered chelated organomagnesium complex. 

 

Scheme 58. Synthesis of stannylated allene 207. 

Attention was then focused on the use of carbonyl electrophiles including an investigation of 

the extent to which transmetalation was needed, or affected, the formation of allene derivatives. 

Previous reported attempts to make allenamides via ketone or aldehyde electrophile quench gave 

mixtures of products in low stereo- and regio-selectivity unless there was an intermediate 
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transmetalation to titanium.84 Thus, syn-188 was lithiated under the optimized reaction conditions 

and directly quenched with various aldehydes and ketones to see if allenes would be formed 

selectively. To our surprise, as for the TMSCl quench, substituted allenes were produced with no 

sign of regioisomeric products (Scheme 59). Apart from the TMS-substituted allene derivative 

190a, which is not axial chiral, all aldehyde and ketone adducts were produced in >95:5 dr as long 

as the reaction mixtures were worked up at low temperature (−60 °C). Low temperature work-up 

also enabled the recovery of unreacted starting material, despite the modest yields of these 

reactions, which were, otherwise comparable to Hsung’s imidazolone-derived allenamides.85 

Attempts to increase the yield by work-up at room temperature or even at temperature above −60 

°C led instead to a complex mixture of unidentifiable products.  

 

Scheme 59. Electrophile scope for the diastereoselective synthesis of N-allenes 190a-f. 

Use of electrophiles such as acetophenone (E = MePhCO) gave an isolable clean mixture of 

diastereomers (190g, 68:32 dr) while in the case of fluorenone the corresponding mixture was 

complex. Formate esters (i.e., ethyl formate) failed to give any product or gave an approximately 
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1:1 mixture of products in very low yield (i.e., <20% using ethyl and i-butyl chloroformate). 

Treatment with DMF and CO2 led to exclusive recovery of starting material.  

The solid benzaldehyde adduct 190e was recrystallized in order to get a single crystal for X-

ray analysis to establish the stereochemistry of the product. Crystallization in EtOH/H2O afforded, 

after about 4 months, a single colourless crystal that gave the corresponding crystal structure 

depicted in Figure 17.105  

 

 

 

 

 

 

 

 

 

Figure 17. ORTEP depiction of allene derivative 190e (most hydrogens omitted for clarity). 

 

Figure 18. Assignment of axial chiral configuration of 190e. 
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From the crystal structure it was possible to assign the (R)-configuration at the benzylic 

position and the Sa axial chiral configuration of the allene moiety (Figure 18). The most important 

outcome of these results is that, as determined by the crystal structure in Figure 17, the benzylic 

position had (R)-configuration in contrast to Hsung’s and Seebach’s allene derivatives where the 

same chiral centre had the (S)-configuration. 

The selective synthesis of the N-allene derivatives depicted in Scheme 59 can be considered 

a remarkable result because, as far as we know, it represents the very first example in the literature 

of a highly diastereoselective synthesis of allenes by direct quench of a lithiated propargyl 

substrate. As mentioned earlier and already discussed in section 1.3.3, previous allenamides may 

be synthesized in high diastereomeric ratios (>95:5 dr) only after transmetalation to titanium prior 

to aldehyde quench. In contrast, the new L-proline-derived pyrroloimidazolone gives allenes in 

high diastereoselectivity (>95:5 dr) without titanium transmetalation. It is also noteworthy to 

mention that the allene moiety has the same axial chiral configuration (Sa) as Hsung’s and 

Seebach’s allene derivatives. It was speculated that the opposite stereochemical induction at the 

benzylic position may be arising from a different approach of the benzaldehyde electrophile to the 

allene moiety when lithium instead of titanium is present. 

This result prompted speculation as to whether titanium transmetalation of lithiated syn-188 

may also give access to the epimeric benzylic alcohols in good selectivity. To scope this 

possibility, a series of prochiral benzaldehydes bearing different groups at the para position were 

screened as electrophiles for lithiation of syn-188, both with and without prior transmetalation with 

ClTi(Oi-Pr)3 (Scheme 60). The titanium transmetalation experiments were carried out following 

Seebach’s protocol.84 Benzaldehyde derivatives bearing both electron-withdrawing and electron-

donating groups at the para position gave the corresponding allene adducts in high dr (>95:5) and 
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similar yields in both set of experiments. Again, in all cases the yields were comparable to the ones 

obtained by Hsung’s imidazolidinone auxiliary.85    

 

Scheme 60. Diastereoselective synthesis of N-allenes with and without transmetalation prior to 

benzaldehyde quench. 

The spectroscopic data of allenes derived from the direct quench of the lithiated intermediate 

(190e,h,i,j), and the corresponding products obtained from titanium transmetalation (epi-

190e,h,i,j) were very similar to each other. Closer examination of the 1H and especially the 13C-

NMR data revealed differences in chemical shifts that were consistent with small differences that 

are expected in diastereomeric epimeric products. That the two series of products were actually 

different was also supported by the specific rotation measurements of each compound, which not 

only changed in magnitude, but also in sign (+ for Ti-derived products or – for Li-derived 
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products). Another important difference was the fact that benzaldehyde derivative 190e was a 

white recrystallizable solid while epi-190e appeared to be a colourless oil. Because the absolute 

configuration of 190e was known by the crystal structure, it was conceivable that the difference 

between the series of products 190e,h,i,j and epi-190e,h,i,j could arise from either a different 

configuration at the benzylic position, or at the allenic moiety, or both. A detailed analysis of the 

NMR spectra of both set of products revealed a slight difference in the 1H-NMR chemical shift 

relative to the TMS and OTES signals but most importantly a difference in the region between 5 

and 6 ppm which corresponds to the benzylic, allenic and methine (CH-OTES) protons. Moreover, 

all of the 13C-NMR signals almost perfectly matched chemical shift except for three signals (i.e., 

the benzylic carbon, the disubstituted allenic carbon, and the quaternary phenyl carbon), which 

appeared shifted downfield or upfield by just 1 ppm in epi-190e,h,i,j. These results supported the 

conclusion that the two set of products had opposite configuration at the benzylic position. In fact, 

X-ray analysis of 190e confirmed Sa axial chiral configuration, as in Seebach and Hsung cases, but 

with opposite configuration at the benzylic position. Based on the spectroscopic evidence and the 

reported mechanism of addition of aldehydes in propargylic titanated substrates, transition state 

208 in titanated syn-188 was proposed, similar to the one outlined by Seebach (Scheme 61). 

 

Scheme 61. Proposed mechanism of addition of titanated intermediate to benzaldehyde. 
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Subjection of anti-188 to the established direct lithiation conditions followed by quench with 

acetone and benzaldehyde led to the epimeric allenamide derivatives 209a-b (Scheme 62). 

 

Scheme 62. Diastereoselective synthesis of allenamides 209a-b from anti-188. 

 As in the propargylic series described previously, it was recognized that elimination of syn 

or the putative anti-derived imidazolones in the allene series would provide products that may be 

related as enantiomers, thus verifying the stereochemical course of the reactions for each epimeric 

starting material. In order to determine the feasibility of such an elimination, the TMS-substituted 

allene 190a was used as a test substrate. Attempts to induce elimination of this product to the 

achiral unsaturated imidazolone with p-TsOH proved fruitless; it afforded exclusively the achiral 

propargylic elimination product 211 (Scheme 63). Therefore, the acid not only led to the desired 

elimination of the silyloxy group but also to the unexpected elimination of one of the terminal 

TMS group with concomitant rearrangement of the allenic moiety to the triple bond. It was found 

however that treatment of 190a with 1.1 equivalents of the Lewis acid AlCl3 at low temperature 

gave the desired elimination product 210 in good yield (75%, Scheme 63).  
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Scheme 63. Acid-induced elimination of allene 190a. 

Based on the preceding results, attention was focused on finding a milder acid than p-TsOH 

for the elimination of OTES group in the other allene derivatives. Various conditions were tested 

on the acetone and benzaldehyde allenic derivatives 190c,e because, if the corresponding 

elimination products could be synthesized, the reaction conditions could be then applied also to 

the already isolated epimeric derivatives 209a-b for comparison of specific rotations. Treatment 

with TFA caused decomposition of the starting material, while acetic acid resulted in no 

conversion and complete recovery of the starting allenes. The use of TBAF was also considered 

even though there could be the possibility of both TES and TMS elimination in one pot. However, 

TBAF failed to give any isolable and clean product. Finally, removal of the TES group to the 

corresponding hemiaminal in a stepwise approach to the unsaturated imidazolone was attempted. 

The acetone and benzaldehyde adducts 190c and 190e were treated with K2CO3 in MeOH, and the 

desired hemiaminals 213a-b were isolated in good yields (61-70%, Scheme 64). Unexpectedly, 

the products proved very stable even after months open to air, and they could not be converted to 

their relative elimination products 212. Even treatment of 190c,e with AlCl3 that was successful 

for allene 190a, failed to give the desired elimination products leading only to very low conversion 

(≈ 10%) to the corresponding hemiaminals 213a-b. 
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Scheme 64. Synthesis of allenic hemiaminal products 213a-b. 

 

3.3.1 DFT Calculations106 

As depicted in Scheme 60, pyrroloimidazolone syn-188 gave access to allenyl alcohols 

190e,h,i,j and epi-190e,h,i,j with opposite stereochemistry at the benzylic position depending on 

the reaction conditions employed (i.e., with or without titanium transmetalation before aldehyde 

addition). 

In order to confirm and explain this change in stereochemistry, Density Functional Theory 

(DFT) computations were performed at the IEFPCM(THF)M06-2X/6-311+G(2d,2p)//B3LYP/6-

31G(d) level of theory using the Gaussian 09 suite of programs. Thus, the (re)- and (si)-stereofacial 

modes of lithium-allenyl anion addition to benzaldehyde were investigated, and a total of eight 

stereoisomeric transition states of different energy were obtained. α-TS1Li(si) and γ-TS4Li(re) 

were the most stable of the four lowest in energy transition states (Figure 19). As the crystal 

structure of the benzaldehyde derivative 190e depicted in Figure 17 confirmed, the calculated 

relative Gibbs free energies (ΔΔGrel) predicted the (R)- configuration at the benzylic position and 

Sa axial chirality.  
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A further structural analysis of the obtained transition states releaved the three main factors 

that contributed to the high stereoinduction. First of all, the formation of a more stable bicyclic 

6,5- versus a 7,4-ring system (as denoted by the green and yellow shaded areas in Figure 19) was 

favoured. Moreover, as the carbon-carbon bond forming distances were found to be between 2.38 

to 2.54 Å and the carbon-lithium ion coordination distances were found to be between 2.32 and 

2.41 Å, the higher stability of the favoured transition state α-TS1Li(si) resulted from an almost 

equivalent carbon-carbon and carbon-lithium ion bond distances compared to γ-TS4Li(re) and α-

TS2Li(re) where the same bond distances differed more (i.e., 0.02 and 0.17 Å, respectively). Lastly, 

the preferred attack of the lithium-allenyl anion towards the si face of benzaldehyde (in α-

TS1Li(si)) arose from having the phenyl ring in a pseudo-equatorial position, whereas attack at the 

re face led instead to a less favourable pseudo-axial position (in α-TS2Li(re)). 

Figure 19. Computational modelling of Li-syn-188 addition to benzaldehyde. 
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Attention was then focused on the explanation of stereoinduction in titanium-allenyl anions. 

This time, the calculations revealed only two possible low energy transition state structures: one 

with (re)-stereofacial γ-allenyl anion addition to benzaldehyde (TS1Ti(re)), and another with 

opposite (si) face addition, (TS2Ti(si)) (Figure 20). Although both structures were derived from 

the formation of a favoured 6-membered ring system (indicated by a green shaded area), TS1Ti(re) 

was ~2.4 kcal mol-1 more stable than TS2Ti(si). Moreover, the latter transition state showed a 

slightly longer carbon-titanium and carbon-carbon bond distances of 2.68 Å and 2.29 Å compared 

to TS1Ti(re) (i.e., 2.63 Å and 2.27 Å, respectively).  

 

Figure 20. Computational modelling of Ti(Oi-Pr)3-syn-188 addition to benzaldehyde. 

As Figure 20 shows, the relative alignment of the allene moiety and the benzaldehyde is 

considerably different in the two structures. The favoured transition state TS1Ti(re) is defined by 

a synclinal (30°≤Φ≤90°) dihedral angle ΦC(2)-C(3)-C(4)-O(5) of 18.1°, which is much smaller than the 

36.1° found in transition state TS2Ti(si). Furthermore, as a consequence of the different alignment 

and dihedral angle, TS2Ti(si) was also destabilized by a sterically unfavourable interaction between 
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an isopropoxy group of Ti(Oi-Pr)3 and a phenyl C-H (distance = 2.35 Å, indicated with green line). 

In contrast, a similar interaction was not present in TS1Ti(re).  

In conclusion, the aforementioned destabilizing steric interaction represents the crucial factor 

in determining the difference in stereochemical courses of the lithium- and titanium-allenyl anion 

transition states. Indeed, in the case of the large Ti(Oi-Pr)3 moiety, the (re)-stereofacial addition to 

the aldehyde is favoured because in this way repulsive steric interaction to a phenyl C-H bond is 

minimized (TS1Ti(re)). In the lithium-allenyl anion case, the smaller size of the lithium atom 

precludes an analogous steric interaction which makes α-TS1Li(si) more stable (Figure 19). 

 

3.4 Lithiation and Cycloaddition Behaviour of N-Pyrroloimidazolone Allenes 

Having established stereoselective synthesis of allenamides, their potential as synthetic 

intermediates under various transformations was of interest to investigate. For example, reactions 

such as deprotonations, cyclizations, cycloadditions, etc. are notable reactions based on literature 

precedent.21 Specifically, Hsung reported the highly diastereoselective α-deprotonation of a series 

of allenamides with different electrophiles (see Scheme 33).87 Along this line, we wanted to 

determine the feasibility of the same reaction with the pyrroloimidazolone. In a preliminary 

experiment the TMS-substituted N-allenamide 190a was subjected to deprotonation with LiTMP 

to give α-deuterated product 214 in excellent yield upon methanol-d4 quench (Scheme 65).  

 

Scheme 65. Lithiation and deuterium quench of 190a. 
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However, when the same reaction conditions were applied to the acetone-derived allene 190c 

the starting material was completely recovered intact. Even when the lithiation was carried out 

with the stronger base n-BuLi (2.2 equivalents) and different electrophiles (e.g., Me2SO4, BnBr 

and methanol-d4) no conversion was detected. Therefore, apart from allene 190a, the aldehyde and 

ketone-derived allenamides were possibly too sterically hindered for α-deprotonation to occur.  

All of the examples of allenamides deprotonation reported by Hsung were related to 

allenamides unsubstituted at γ position (see section 1.4.1). For this reason, attention was then 

focused on the synthesis of a γ-monosubstituted allenamide that could find application in 

deprotonation reactions. Following an adapted procedure from Hoppe, syn-188 was subjected to 

lithiation followed by titanium transmetalation and quench with acetic acid to afford the 

corresponding γ-monosubstituted allenamide 215 in high yield (Scheme 66).   

 

Scheme 66. Diastereoselective synthesis of allenamide 215. 

Allenamide 215 proved to be very unstable, decomposing rapidly to unknown compounds 

within few hours at room temperature. Nevertheless, it was possible to carry out and study 

deprotonation reactions. For simplicity, the reaction was first studied using methanol-d4 and 

Me2SO4 as electrophiles. After a screening of bases, n-BuLi was chosen for the lithiation because 

weaker bases such as LDA afforded only a very low yield (20%) of a 40:60 mixture of the desired 

deuterated allene and deuterated regioisomeric propargylic compound. The base LiHMDS led 

exclusively to the isomerization of 215 back to syn-188. Preliminary results of the α-deprotonation 
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and substitution of 215 are summarized in Scheme 67. The use of less than 1 equivalent of base 

led only to the epimerization of the starting material, together with the isomerization to the 

propargyl syn-188 (Scheme 67, Entry 1). The use of an equimolar amount of n-BuLi gave a very 

low conversion to the substituted product 216 and the unexpected compound 218 that could be 

easily isolated by column chromatography and characterized (Scheme 67, Entry 2). A slight excess 

of base instead afforded the desired 216 but in a mixture with the epimerization products 217 and 

syn-188 (Scheme 67, Entry 3). With the exception of 218, the other derivatives could not be 

separated and purified by chromatography given their matching Rf values so their ratio was 

determined by 1H-NMR analysis of the mixture. The use of Me2SO4 as the electrophile gave more 

promising results with the exclusive formation of the desired product 216 as a single diastereomer, 

but unfortunately as a mixture with epimer 217 (Scheme 67, Entry 4 and 5). However, the mono-

substituted allene 215 seemed to be unstable under lithiation conditions, giving a complex mixture 

of products in very low overall yields. It was speculated that in situ quench could lead to the 

formation of 216 faster than the epimerization of the starting material but, unfortunately, this 

resulted only on a complex mixture of unidentifiable products (Scheme 67, Entry 6). 
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Scheme 67. Preliminary results of the α-deprotonation and substitution of allenamide 215. 

In all of the attempted reactions, the low isolated yields combined with the inability to 

recover unstable 215 made this approach impractical. 

Literature precedents confirmed that vinyllithiums, that possess an aryl or silyl group in the 

α position, are configurationally unstable in solution.107 Specifically, it was found that silyl-

substituted vinyllithiums can isomerize in solution in the presence of coordinating solvents like 

THF even at low temperatures.108 Therefore, allenamide 215 is probably very unstable in solution 

and rapidly equilibrates between its allenic and propargylic isomers giving a complex mixture of 

regio- and diastereoisomers. The isolation of either the epimeric allene 217 or the epimeric 

propargyl syn-188 (Scheme 67) was clear evidence of its instability in solution under the lithiation 

conditions. The outcome of the reactions was highly dependent on a specific combination of base 

and the electrophile used. For instance, the combination of LDA and benzyl bromide gave 
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predominantly the disubstituted propargyl derivative 220 (Scheme 68) probably by following a 

mechanism similar to the proposed formation of the di-methylated 196b. The deprotonation 

mediated by n-BuLi gave mostly the monosubstituted allenic product 219 but as an inseparable 

mixture with 220.  

 

Scheme 68. Deprotonation and benzylation of 215. 

Allene 215 also proved to be unstable in the presence of TMSCl. In fact, a complete 

elimination of the allenic moiety occurred with concomitant exclusive formation of the totally 

unexpected N-TMS L-proline hydantoin 221 using either LDA or n-BuLi as the base (Scheme 69). 

The reaction probably proceeded via elimination of the allenic moiety to give 218 as intermediate, 

which then acted as a nucleophile with TMSCl. 

 

Scheme 69. Deprotonation and substitution of 215 with TMSCl. 
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Given its less sterically hindered allenic moiety, allenamide 215 was also applied to 

cycloaddition reactions. Reaction with various dienes and dienophiles also did not lead to any 

desired [2+2]- or [4+2]-cycloadducts, but only to the unexpected formation of 222 (Scheme 70).  

 

Scheme 70. Attempted [2+2]- and [4+2]-cycloadditions of allenamide 215.  

Attention switched to applications using the more stable stannylated allene 207. As reported 

in the previous section, direct lithiation and quench of syn-188 with aldehydes afforded exclusively 

the corresponding allenic products. Hegedus demonstrated that regioisomeric propargyl alcohols 

could be obtained starting from stannylated allenes.86 Therefore, in order to demonstrate its utility, 

207 was treated with Lewis acid-activated prochiral aldehydes (Scheme 71). The corresponding 

propargylic alcohols 223a-b were isolated as clean, single diastereomers (>95:5 dr) but in lower 

yields (26-28%) because of the presence of BF3·OEt2 necessary for the activation of the aldehyde, 

led probably to the elimination of the OTES protecting group. The stereochemistry at the propargyl 

and benzylic position, which analogously matched Hegedus’ propargyl alcohols, was tentatively 

assigned as shown in the scheme based on the reasoning that the aldehyde would approach allene 

207 from the face opposite to the bulky Bu3Sn group and with its large R substituent away from 

the OTES group of the pyrroloimidazolone.  



89 
 

 

Scheme 71. Synthesis of homopropargylic alcohols 223a-b. 
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4 Conclusions and Future Work 

The scope of epimeric pyrroloimidazolone auxiliaries derived from L-proline has been 

expanded to the diastereoselective synthesis of both N-propargyl derivatives and axial chiral 

allenes. This behaviour is analogous to Hoppe’s O-carbamate,80 which also serves as a common 

starting material for both propargyl and allenyl products via (−)-sparteine mediated lithiation. The 

syn-pyrroloimidazolone 188 is distinct from previous auxiliaries by Hsung,85 Seebach,84 

Mangeney109 and Hegedus86 in that it serves as a precursor to both substituted propargyl and allene 

products in high stereoselectivity. The required N-propargyl pyrroloimidazolone starting material 

syn-188 was prepared from propargylation of L-proline hydantoin followed by chemo- and stereo-

selective hydrosilylation. Lithiation of syn-188 followed by quench with alkylating agents afforded 

propargyl alkynes in >95:5 dr. The epimeric form anti-188 gives access to propargyl derivatives 

with opposite stereochemistry at the new chiral centre, in analogous fashion to previous ferrocenyl 

and π-arene chromium complexes. The reversal of stereochemistry at the propargyl position was 

confirmed by comparison of eliminated imidazolones that retain only the propargyl chiral centre, 

obtained from both epimeric starting materials. Deuteration experiments revealed that 

diastereoselective synthesis of propargyl derivatives likely proceeded via an asymmetric 

substitution pathway, while X-ray analysis of the benzyl adduct confirmed the S stereochemistry 

at the propargyl position. Lithiation of syn-188 followed by quench with aldehydes/ketones led 

instead to the exclusive formation of allenamides in high diastereomeric ratio (>95:5 dr). A unique 

feature of syn-188 is the ability to control not only the stereochemistry of the allene, but also the 

face of prochiral attack towards benzaldehydes, depending on whether or not the intermediate 

carbanion is first transmetalated to titanium. In fact, it appears as though syn-188 is the first 

substrate to give allenes in high and predictable stereoselectivity and good regiocontrol by direct 

quench of the lithiated intermediate. X-Ray analysis of the lithio-derived benzaldehyde derivative 
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revealed an atypical stereochemistry at the benzylic position, which was opposite to that reported 

in literature examples that require titanium transmetalation (R- rather than S-). This observation 

appeared to be general for a series of substituted prochiral benzaldehydes. Lithiation followed by 

transmetalation with ClTi(Oi-Pr)3 afforded instead the epimeric benzylic alcohols, again in high 

diastereomeric ratio (>95:5 dr). Density Functional Theory (DFT) computational modelling for 

the lithium and titanium cases elucidated the difference in the stereofacial selectivity in 

benzaldehyde addition which was given by a 6,5-bicyclic (in the lithium case) or a 6-membered 

transition state (in the titanium case). It was also demonstrated that regioisomeric propargyl 

alcohols can be synthesized from stannylated allenamide 207 obtained via lithiation followed by 

magnesium transmetalation.  

The manipulability of the auxiliary was demonstrated by desilylation and synthesis of the 

corresponding open ureas. However, further hydrolysis of the latter to the corresponding primary 

or secondary amines was not achieved (see Scheme 53). In the future, hydrolysis under acidic 

conditions (e.g. conc. sulfuric acid or acetic acid) or the use alternate reducing agents needs to be 

considered.   

Acid-induced elimination of the OTES protecting group to the corresponding unsaturated 

imidazolones was unsuccessful for the allene series. Modification of the reaction conditions 

already established for the propargyl series, allowed conversion of bis-TMS-allene 190a to its 

elimination product 210 (see Scheme 63). Future work will include finding the right and optimized 

reaction conditions for the synthesis of the elimination products of aldehyde- and ketone-derived 

allenamides. A screening of various Lewis acid needs to be attempted. Also, protection of the 

benzylic alcohol might be necessary in order to avoid any interaction of the hydroxyl group with 

the Lewis acid (Scheme 72). Alternatively, Mitsunobu reaction of one allene benzylic alcohol may 

allow a direct comparison to epimeric products obtained from the lithium or titanium series 
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(Scheme 72). Treatment with LDA and TMSCl, which led to the elimination product 206 in 

Scheme 57, might be considered as well. It is also possible that hemiaminals 213a-b (see Scheme 

64) may be coaxed to eliminate to unsaturated imidazolones by silica gel. 

 

Scheme 72. Proposed synthesis of allenamide elimination products 212 and Mitsunobu approach 

for synthesis of epimeric allene benzylic alcohols. 

Lastly, application of the allenamide derivatives in cycloaddition reactions must be studied. 

Initial experiments focused on the less hindered mono-TMS-allenamide 215 that was too unstable 

under the reaction conditions (see Scheme 70). Attention needs to be switched to allenamides that 

are more stable but at the same time reactive in cycloadditions. Bis-TMS-allenamide 210, missing 

the labile silyloxy moiety, might be a good candidate for this study. If allenamide 210 is still too 

hindered, conditions for the elimination of one or both trimethylsilyl groups that leave the allenic 

moiety intact, can be considered. The desired mono- or unsubstituted allenamide 225 can then 

applied in cycloaddition reactions (Scheme 73). Following Hsung’s examples of inverse electron 

demand [4+2]-cycloadditions (Scheme 37), 225 may be treated with methyl vinyl ketone to give 

cycloadduct 226. 
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Scheme 73. Proposed synthesis of allenamide 225 and its application in cycloaddition reactions. 

 

Both electron-rich and electron-poor dienes, hetero-dienes, alkynes and alkenes can be 

considered as partners in potential [2+2]- and [4+2]-cycloadditions. 
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5 Experimental 

General. All reagents were purchased from Aldrich, Fisher Scientific, Acros, Strem or Oakwood 

chemicals and used as received unless otherwise indicated. Tetrahydrofuran and diethyl ether were 

freshly distilled from sodium/benzophenone ketyl under an atmosphere of nitrogen. Toluene was 

freshly distilled from sodium under an atmosphere of nitrogen. Dichloromethane was distilled 

from calcium hydride under nitrogen. under an atmosphere of nitrogen. Methanol was distilled 

from magnesium methoxide under argon. All alkyllithiums were titrated against N-

benzylbenzamide to a blue endpoint.110 Syngas (1:1 CO:H2) was obtained from Praxair. All 

reactions were performed under nitrogen or argon in flame- or oven-dried glassware using syringe-

septum cap techniques unless otherwise indicated. All reactions were run in round-bottom flasks 

with magnetic stir bars unless otherwise stated. Column chromatography was performed on silica 

gel 60 (70-230 mesh). Schwartz’s reagent was prepared according to a literature procedure.111 

NMR spectra were obtained at room temperature on a Bruker Avance 300, 400 or 600 MHz 

instrument and are referenced to the residual proton signal of the deuterated solvent for 1H spectra, 

and to the carbon multiplet of the deuterated solvent for 13C spectra according to published 

values.112 Spectroscopic data are reported as follows: (multiplicity, number of protons, coupling 

constant), where s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = 

doublet of triplets and bs = broad singlet. FT-IR spectra were obtained on Bruker ALPHA platinum 

ATR spectrometer as neat materials. Optical rotations were measured on a Rudolph Research 

Autopol III automatic polarimeter. Mass spectra were obtained on a Micromass GCT spectrometer. 

Melting points were determined on a Kofler hot-stage apparatus and are uncorrected. 
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According to a literature procedure, a solution of freshly distilled propargyl 

alcohol 194 (8.3 mL, 0.14 mol) in THF (240 mL) was cooled down to −78 °C 

and n-BuLi (2.1 M, 136 mL, 0.28 mol) was added dropwise. After stirring for 30 minutes, freshly 

distilled trimethylsilyl chloride (39.8 mL, 0.31 mol) is added slowly at −78 °C.  The cold bath is 

removed upon addition and the reaction mixture is allowed to warm up to room temperature and 

stirred for an additional 2 hours. The reaction is cooled to 0 °C and quenched with water (70 mL). 

1M HCl (150 mL) was slowly added and the crude reaction mixture is stirred at room temperature 

for an additional 1.5 hour. The crude mixture is poured into a separatory funnel and worked up 

with Et2O (3 x 50 mL), washed with brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure. Purification by vacuum distillation provided the desired propargyl alcohol 195 

(16.5 g, 92%) as a pale yellow oil; 1H NMR (400 MHz, CDCl3) δ 4.26 (s, 2H), 1.80 (bs, 1H), 0.17 

(s, 9H). The spectroscopic data are consistent with the reported literature data.92 

Trimethylsilyl propargyl alcohol 195 (8.00 g, 0.62 mol) was dissolved in Et2O 

(35 mL) and pyridine (0.13 mL). Phosphorous tribromide (1 M in CH2Cl2, 25 

mL, 0.25 mol) is added dropwise at 0 °C. The mixture is heated to reflux for 3 hours. After cooling 

down to room temperature the mixture is poured into ice and the aqueous phase is extracted with 

Et2O (3 x 50 mL). The organic phase is washed with water, sat. NaHCO3 solution and sat. NH4Cl 

solution, dried over Na2SO4, filtered and concentrated under reduced pressure. Purification by 

vacuum distillation gave 196 (7.1 g, 60%) as a clear yellow oil; 1H NMR (400 MHz, CDCl3) δ 3.9 

(s, 2H), 0.17 (s, 9H). The spectroscopic data are consistent with the reported literature data.93   

Following a literature procedure,113 to a solution of L-proline 81 (50 g, 0.43 mol) in 

water (150 mL) was added potassium cyanate (42 g, 0.52 mol) and the reaction    

mixture was heated to reflux for 1 hour to give a clear colourless solution. The 
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reaction was then allowed to cool down to room temperature and 6 M HCl (150 mL) was slowly 

added, leading to evolution of gas and formation of a white precipitate. The reaction mixture is 

then heated to reflux for an additional 2 hours giving a clear colourless solution. After cooling to 

room temperature, the reaction mixture was transferred to a refrigerator for 24 h to crystallize. The 

colourless crystals formed were filtered and washed with ice-cold water and recrystallized twice 

to give L-proline hydantoin 82 (60 g, 0.43 mol, 50%) as a rod-like colourless crystals; mp 167-

169 °C (H2O) [lit. mp 165-167 °C (H2O)]; 1H NMR (400 MHz, CDCl3) δ 8.72 (bs, 1H), 4.11 (dd, 

1H, J = 9.2, 7.6 Hz), 3.67 (dt, 1H, J = 11.2, 7.6 Hz), 3.19 (ddd, 1H, J = 11.3, 8.3, 4.6 Hz), 2.25-

1.97 (m, 3H), 1.75 (dq, 1H, J = 12.5, 9.3 Hz); 13C NMR (100 MHz, CDCl3) δ 174.7, 160.6, 64.8, 

45.3, 27.5, 27.2. 

A solution of L-proline hydantoin 82 (4.00 g, 28.54 mmol) in DMF (25 

mL) was added slowly by cannula to a suspension of NaH (1.28 g, 42.81 

mmol) in DMF (20 mL) at 0 °C, and the mixture was stirred for 30 

minutes before the addition of trimethylsilyl propargyl bromide (5.56 mL, 34.21 mmol) by syringe. 

The resulting yellow mixture was allowed to stir for 7 hours at room temperature. The reaction 

mixture was worked up by addition of saturated NH4Cl solution and diluted with diethyl ether. 

The organic layer was washed with water (6 × 20 mL), dried over Na2SO4, filtered and 

concentrated under reduced pressure. Purification with flash column chromatography (silica gel, 

50:50 EtOAc:hexanes, Rf = 0.57) gave 187 as a colourless thick oil (5.92 g, 83%); [α]D
20 −96.5 (c 

= 1.0, acetone); IR (ATR) νmax 2959, 2899, 2183, 1777, 1711, 1426, 1404, 1345, 1249, 1016, 840 

cm-1; 1H NMR (400 MHz, CDCl3) δ 4.24 (AB quartet, 2H, J = 17.2 Hz), 4.10 (dd, 1H, J = 8.8, 7.6 

Hz), 3.70 (dt, 1H, J = 8.0, 3.2 Hz), 3.25 (ddd, 1H, J = 11.2, 8.2, 5.0 Hz), 2.28-2.21 (m, 1H), 2.13-

2.00 (m, 2H), 1.69 (dq, 1H, J = 12.4, 9.2 Hz) 0.12 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 172.5, 
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159.2, 98.0, 88.2, 63.4, 45.4, 29.0, 27.3, 27.0, -0.3; EI-MS [m/z (%)] 250 (M+, 8), 235 (100), 222 

(17), 207 (47), 138 (14), 122 (8), 110 (18), 70 (17), 64 (39); HR-MS (EI) calcd. for C12H18N2O2Si: 

250.1138; found 250.1133. 

187 (4.0 g, 15.99 mmol) dissolved in THF (25 mL) was cannulated into 

a flame dried flask containing Schwartz’s reagent (4.12 g, 15.99 mmol) 

dissolved in THF (70 mL). The reaction mixture was stirred at room 

temperature for 10 minutes, before turning into a homogenous yellow solution, indicating 

consumption of starting material. Imidazole (2.50 g, 36.78 mmol) and DMAP (0.18 g, 1.44 mmol) 

were added as solids by rapid removal and replacement of the septum, followed by TESCl (4.03 

mL, 23.99 mmol) which was added by syringe. The reaction mixture was stirred at room 

temperature for an additional 2 hours, before work up with water, and dilution with diethyl ether. 

The organic phase was washed with 10% CuSO4 solution, saturated NaHCO3, and water. The 

resulting precipitate was filtered off by passing the organic layer through a pad of Celite. The 

solution was dried over Na2SO4, filtered, and concentrated under reduced pressure. Purification by 

flash column chromatography (silica gel, 40:60 EtOAc:hexanes, Rf = 0.75), provided syn-188 as 

a pale yellow oil (4.63 g, 79%); [α]D
22 −82.7 (c = 1.05, acetone); IR (ATR) νmax 2955, 2911, 2877, 

2178, 1710, 1388, 1248, 1089, 1004, 839, 726 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.51 (d, 

1H, J = 6.8 Hz), 4.32 (d, 1H, J = 18.0 Hz), 3.93-3.88 (m, 1H), 3.62 (d, 1H, J = 18.0 Hz), 3.49-3.43 

(m, 1H), 2.99-2.93 (m, 1H), 1.88-1.75 (m, 4H), 1.02 (t, 9H, J = 8.0 Hz), 0.76 (q, 6H, J = 8.0 Hz), 

0.16 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 160.5, 102.1, 88.9, 79.9, 62.9, 46.7, 31.2, 26.7, 

25.8, 7.2, 5.4, 0.01; EI-MS [m/z (%)] 366 (M+, 96), 351 (12), 337 (83), 237 (87), 235 (52), 184 

(25), 139 (34), 103 (100), 75 (92); HR-MS (EI) calcd. for C18H34N2O2Si2: 366.2159; found 

366.2145. 
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A solution of syn-188 (0.145 g, 0.396 mmol) in n-pentane (2 mL) at −78 

°C was treated with n-BuLi (0.17 mL, 2.15 M, 0.396 mmol) in the 

presence of TMEDA (0.60 mL, 0.396 mmol). The mixture turned bright 

yellow upon addition. After 30 min, methyl iodide (0.025 mL, 0.396 mmol) was added by syringe, 

and the reaction was allowed to warm slowly to room temperature. Saturated NaHCO3 (10 mL) 

was added and the reaction mixture was extracted with EtOAc (10 mL). The organic extract was 

washed with water, brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced 

pressure. Purification by flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 

0.38) gave 196b (0.073 g, 47%) as a pale yellow oil; [α]D
21 −59.9 (c = 0.94, acetone); IR (ATR) 

νmax 2955, 2913, 2877, 2165, 1705, 1454, 1399, 1248, 1073, 1034, 926, 840, 739 cm-1; 1H NMR 

(400 MHz, acetone-d6) δ 5.59 (d, 1H, J = 5.6 Hz), 3.83 (q, 1H, J = 6.3 Hz), 3.46-3.40 (m, 1H), 

3.03-2.97 (m, 1H), 1.95-1.83 (m, 3H), 1.82 (s, 3H), 1.77-1.68 (m, 1H), 1.64 (s, 3H), 0.97 (t, 9H, J 

= 8.0 Hz), 0.73 (q, 6H, J = 8.0 Hz), 0.17 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 160.1, 110.0, 

87.6, 84.0, 61.4, 52.0, 45.0, 29.4, 28.7, 27.3, 25.4, 6.9, 5.3, -0.02; EI-MS [m/z (%)] 394 (M+, 28), 

379 (16), 365 (36), 321 (8), 255 (12), 227 (29), 200 (18), 186 (100), 184 (36), 155 (12); HR-MS 

(EI) calcd. for C20H38N2O2Si2: 394.2472; found 394.2475. 

A solution of syn-188 (0.20 g, 0.55 mmol) in Et2O (5 mL) at −78 °C was 

treated with LiTMP (0.78 mL, 0.77 M, 0.60 mmol). The mixture turned 

bright yellow upon addition. After 30 min, methanol-d4 (0.02 mL, 0.60 

mmol) was added by syringe, and the reaction was allowed to warm slowly to room temperature. 

Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc (10 

mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure. Purification by flash column chromatography (silica gel, 
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30:70 EtOAc:hexanes, Rf = 0.43) gave 189a (0.18 g, 89%) as a pale yellow oil; [α]D
23 −113.6 (c = 

1.02, acetone); IR (ATR) νmax 2955, 2911, 2877, 2179, 1709, 1417, 1248, 1100, 1004, 840, 724 

cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.51 (d, 1H, J = 6.4 Hz), 3.94-3.89 (m, 1H), 3.61 (bs, 1H), 

3.49-3.43 (m, 1H), 2.98-2.93 (m, 1H), 1.91-1.73 (m, 4H), 1.02 (t, 9H, J = 8.0 Hz), 0.77 (q, 6H, J 

= 8.0 Hz), 0.16 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 160.7, 101.9, 88.7, 79.7, 67.9, 62.7, 

46.3 (t, 1J13
C-

2
H = 21.0 Hz), 26.5, 25.6, 7.0, 5.3, -0.17; EI-MS [m/z (%)] 367 (M+, 2), 338 (1), 309 

(0), 256 (2), 236 (2), 205 (3), 147 (3), 132 (4), 103 (88), 75 (100); HR-MS (EI) calcd. for 

C18H33DN2O2Si2: 367.2222; found 367.2220. 

A solution of syn-188 (0.112 g, 0.306 mmol) in Et2O (4 mL) at −78 °C 

was treated with LiTMP (0.45 mL, 0.74 M, 0.336 mmol). The mixture 

turned bright yellow upon addition. After 30 min, Me2SO4 (0.03 mL, 

0.336 mmol) was added by syringe, and the reaction was allowed to warm slowly to room 

temperature. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with 

EtOAc (10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 20:80 EtOAc:hexanes, Rf = 0.32) gave 189b (0.096 g, 83%) as a pale yellow oil; [α]D
22 

−58.5 (c = 1.02, acetone); IR (ATR) νmax 2956, 2911, 2877, 2169, 1708, 1413, 1324, 1248, 1115, 

1004, 839, 727 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.49 (d, 1H, J = 6.8 Hz), 4.38 (q, 1H, J = 

7.2 Hz), 3.81 (q, 1H, J = 7.2 Hz), 3.52-3.46 (m, 1H), 2.96-2.90 (m, 1H), 1.91-1.72 (m, 4H), 1.55 

(d, 3H, J = 7.2 Hz), 1.03 (t, 9H, J = 7.8 Hz), 0.76 (q, 6H, J = 7.8 Hz), 0.13 (s, 9H); 13C NMR (100 

MHz, acetone-d6) δ 160.7, 107.3, 86.1, 80.4, 63.0, 46.5, 41.1, 26.2, 25.7, 20.2, 7.1, 5.4, 0.07; EI-

MS [m/z (%)] 380 (M+, 31), 365 (9), 351 (43), 249 (29), 186 (38), 124 (100), 109 (38), 97 (52), 

75 (66); HR-MS (E) calcd. for C19H36N2O2Si2: 380.2315; found 380.2300. 
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A solution of syn-188 (0.122 g, 0.333 mmol) in Et2O (4 mL) at −78 °C 

was treated with LiTMP (0.45 mL, 0.82 M, 0.366 mmol). The mixture 

turned bright yellow upon addition. After 30 min, (MeS)2 (0.03 mL, 

0.364 mmol) was added by syringe, and the reaction was allowed to warm slowly to room 

temperature. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with 

EtOAc (10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 30:70 EtOAc:hexanes, Rf = 0.72) gave 189c (0.071 g, 52%) as a pale yellow oil; [α]D
22 

−67.3 (c = 1.0, acetone); IR (ATR) νmax 2954, 2914, 2877, 2174, 1710, 1406, 1383, 1248, 1095, 

840, 723 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.76-5.74 (m, 2H), 3.93 (q, 1H, J = 6.8 Hz), 

3.50-3.44 (m, 1H), 3.05-2.99 (m, 1H), 2.17 (s, 3H), 1.97-1.77 (m, 4H), 1.03 (t, 9H, J = 8.0 Hz), 

0.79 (q, 6H, J = 8.0 Hz), 0.20 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 160.0, 100.6, 92.1, 79.8, 

63.1, 49.3, 46.7, 26.6, 26.2, 15.2, 7.3, 5.8, -0.1; CI-MS [m/z (%)] 413 ([M+H]+, 6), 398 (8), 383 

(13), 367 (40), 365 (100), 293 (4), 157 (12), 111 (20), 73 (25), 59 (60), 57 (94); HR-MS (CI) calcd. 

for C19H37N2O2SSi2: 413.2114; found 413.2109. 

A solution of syn-188 (0.150 g, 0.409 mmol) in Et2O (4 mL) at −78 °C 

was treated with LiTMP (0.55 mL, 0.82 M, 0.450 mmol). The mixture 

turned bright yellow upon addition. After 30 min, allyl bromide (0.04 

mL, 0.450 mmol) was added by syringe, and the reaction was allowed to warm slowly to room 

temperature. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with 

EtOAc (10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 30:70 EtOAc:hexanes, Rf = 0.52) gave 189d (0.105 g, 63%) as a pale yellow oil; [α]D
23 
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−54.2 (c = 1.075, acetone); IR (ATR) νmax 3079, 2955, 2911, 2876, 2175, 1672, 1417, 1248, 1002, 

839, 725 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.80 (ddt, 1H, J = 17.0, 12.0, 7.2 Hz), 5.47 (d, 

1H, J = 6.8 Hz), 5.13 (d, 1H, J = 17.2 Hz), 5.04 (d, 1H, J = 10.0 Hz), 4.26 (t, 1H, J = 7.8 Hz), 3.80 

(q, 1H, J = 6.9 Hz), 3.51-3.46 (m, 1H), 2.93-2.90 (m, 1H), 2.74 (dd, 2H, J = 7.9, 15.6 Hz), 1.88-

1.71  (m, 4H), 1.03 (t, 9H, J = 8.0 Hz), 0.76 (q, 6H, J = 8.0 Hz), 0.13 (s, 9H); 13C NMR (100 MHz, 

acetone-d6) δ 160.9, 135.6, 117.7, 105.9, 87.6, 80.4, 63.2, 46.7, 45.6, 38.3, 26.1, 25.8, 7.2, 5.5, 0.1; 

EI-MS [m/z (%)] 406 (M+, 3), 391 (5), 365 (100), 321 (27), 275 (7), 233 (36), 180 (18), 124 (25), 

103 (37), 75 (51); HR-MS (EI) calcd. for C21H38N2O2Si2: 406.2472; found 406.2470. 

A solution of syn-188 (0.17 g, 0.47 mmol) in Et2O (5 mL) at −78 °C was 

treated with LDA (0.34 mL, 1.52 M, 0.52 mmol). The mixture turned 

bright yellow upon addition. After 30 min, benzyl bromide (0.06 mL, 

0.52 mmol) was added by syringe, and the reaction was allowed to warm 

slowly to room temperature. Saturated NaHCO3 (10 mL) was added and the reaction mixture was 

extracted with EtOAc (10 mL). The organic extract was washed with water, brine, dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 30:70 EtOAc:toluene, Rf = 0.70) gave 189e (0.117 g, 55%) as a pale 

yellow oil; [α]D
23 −69.6 (c = 1.035, acetone); IR (ATR) νmax 3086, 3063, 3029, 2956, 2911, 2877, 

2172, 1709, 1413, 1248, 1124, 1095, 1003, 913, 838, 726, 698, 561; 1H NMR (300 MHz, acetone-

d6) δ 7.29-7.21 (m, 5H), 5.46 (d, 1H, J = 6.7 Hz), 4.41 (t, 1H, J = 7.9 Hz), 3.74 (q, 1H, J = 7.0 Hz), 

3.58-3.49 (m, 1H), 3.35 (dd, 1H, J = 13.3, 7.6 Hz ), 3.25 (dd, 1H, J = 13.3, 8.1 Hz), 2.96-2.88 (m, 

1H), 1.87-1.65 (m, 4H), 1.01 (t, 9H, J = 7.8 Hz), 0.75 (q, 6H, J = 7.8 Hz), 0.11 (s, 9H); 13C NMR 

(100 MHz, acetone-d6) δ 161.1, 138.9, 130.4, 129.0, 127.4, 105.8, 88.3, 80.4, 63.3, 47.4, 46.8, 

40.0, 26.0, 25.7, 7.3, 5.6, 0.1; EI-MS [m/z (%)] 456 (M+, 1), 427 (2), 381 (1), 365 (52), 324 (11), 
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233 (68), 200 (1), 181 (4), 161 (3), 124 (11), 103 (100), 75 (69); HR-MS (EI) calcd. for 

C25H40N2O2Si2: 456.2628; found 456.2611. 

Benzyl derivative 189e (94 mg, 0.206 mmol) was dissolved in MeOH (3 

mL) and K2CO3 (43 mg, 0.309 mmol) was added. After stirring for 20 

minutes at 40 °C, water was added and the solution was diluted with EtOAc, 

washed with water and brine, dried over Na2SO4 and concentrated under 

reduced pressure. Purification by flash column chromatography (silica gel, 50:50 EtOAc:hexanes, 

Rf = 0.24) gave the hemiaminal 200 (47.3 mg, 85%) as a white solid that was recrystallized to give 

colourless crystals; mp 111-114 °C (Et2O/hexanes); [α]D
24 −78.7 (c = 1.035, acetone); X-ray data 

(CCDC 2002531) was collected on a colorless block (0.15 × 0.10 × 0.03 mm3), obtained by 

crystallization from Et2O/hexanes: C16H18N2O2, M=270.32 g/mol, orthorhombic, P212121, 

a=7.8904(4) Å, b=10.9705(5) Å, c=32.9786(17) Å, V= 2854.7(2) Å3, α=90°, β=90°, γ=90°, Z=8, 

Dc=1.258 g/cm3, F(000)=1152, T=150(2) K; 20662 data were collected. The structure was solved 

by Direct Methods (SHELXTL) and refined by full-matrix least squares on F2 resulting in final R, 

Rw and GOF [for 6481 data with F>2σ(F)] of 0.0477, 0.1140, and 1.142 respectively; IR (ATR) 

νmax 3309, 3276, 3245, 3085, 3061, 3027, 2976, 2960, 2924, 2867, 2109, 1663, 1428, 1250, 1064, 

696 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.33-7.20 (m, 5H), 5.31 (d, 1H, J = 8.0 Hz), 5.24 (d, 

1H, J = 7.2 Hz), 4.85 (ddd, 1H, J = 8.9, 6.9, 2.4 Hz), 3.53-3.48 (m, 1H), 3.46-3.41 (m, 1H), 3.20 

(dd, 1H, J = 13.3, 6.9 Hz) 3.10 (dd, 1H, J = 13.3, 8.9 Hz) 2.96-2.89 (m, 1H), 2.85 (d, 1H, J = 2.3 

Hz) 2.03-1.95 (m, 1H), 1.87-1.72 (m, 2H), 1.11 (dq, 1H, J = 12.2, 9.9 Hz); 13C NMR (100 MHz, 

acetone-d6) δ 162.5, 138.8, 130.2, 128.9, 127.3, 82.8, 81.8, 74.7, 67.7, 47.4, 45.7, 42.8, 29.1, 25.2; 

EI-MS [m/z (%)] 270 (M+, 2), 252 (24), 179 (16), 161 (100), 128 (25), 91 (20), 69 (18), 57 (23); 

HR-MS (EI) calcd. for C16H18N2O2: 270.1368; found 270.1364.  
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Hemiaminal 200 (60 mg, 0.22 mmol) was dissolved in i-PrOH/H2O 6:1 (7 

mL) and NaBH4 (34 mg, 0.89 mmol) was added. After stirring for 18 hours 

at rt, the mixture is poured into ice/sat. NH4Cl solution, extracted with 

EtOAc, washed with water and brine, dried over Na2SO4 and concentrated 

under reduced pressure. Purification by flash column chromatography (silica gel, 96:4 

EtOAc:NEt3, Rf = 0.43) gave the open urea 201 (56 mg, 93%) as a thick colourless oil; [α]D
24 −60.3 

(c = 0.65, acetone); IR (ATR) νmax 3286, 3084, 3063, 3028, 2929, 2873, 2114, 1620, 1552, 1384, 

1199, 1045, 699 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.25 (m, 5H), 6.29 (bs, 1H), 4.89 (dd, 

1H, J = 5.2, 4.4 Hz), 4.80 (dddd, 1H, J = 10.4, 8.2, 6.6, 2.4 Hz), 3.88 (septet, 1H, J = 3.9 Hz), 3.50-

3.40 (m, 3H), 3.31-3.26 (m, 1H), 2.99 (dd, 1H, J = 13.2, 6.4 Hz) 2.91 (dd, 1H, J = 13.2, 8.0 Hz), 

2.66 (d, 1H, J = 2.0 Hz), 1.97-1.77 (m, 3H), 1.66-1.61 (m, 1H); 13C NMR (100 MHz, acetone-d6) 

δ 158.1, 138.5, 130.3, 128.8, 127.2, 85.1, 72.4, 67.1, 60.8, 47.2, 44.5, 42.9, 29.0, 24.5; EI-MS [m/z 

(%)] 272 (M+, 26), 252 (12), 241 (48), 181 (96), 163 (60), 128 (90), 91 (61), 70 (100), 57 (42); 

HR-MS (EI) calcd. for C16H20N2O2: 272.1525; found 272.1516. 

The open urea 201 (68 mg, 0.25 mmol) was dissolved in MeOH (4 mL) and 

catalytic amount of Pd/C was added. H2 gas (1 atm) was added through a 

balloon. After stirring for 1.5 hours at rt, the mixture was filtered through 

celite, rinsed well with CH2Cl2 and concentrated under reduced pressure to 

give, without further purification, the saturated open urea 202 (70:30 EtOAc:hexanes, Rf = 0.14, 

65 mg, 94%) as a thick white oil; [α]D
24 −60.5 (c = 0.51, acetone); IR (ATR) νmax 3293, 3084, 3063, 

3026, 2961, 2929, 2873, 1617, 1533, 1389, 1072, 613 cm-1; 1H NMR (400 MHz, acetone-d6) δ 

7.22 (m, 5H), 5.55 (bs, 1H), 5.12 (dd, 1H, J = 6.2, 3.4 Hz), 3.93-3.84 (m, 2H), 3.45-3.36 (m, 3H), 

3.28-3.22 (m, 1H), 2.82 (dd, 1H, J = 13.4, 7.0 Hz), 2.72 (dd, 1H, J = 13.4, 7.0 Hz), 1.92-1.77 (m, 



104 
 

3H), 1.61-1.47 (m, 2H), 1.45-1.34 (m, 1H), 0.89 (t, 3H, J = 7.4 Hz); 13C NMR (100 MHz, acetone-

d6) δ 159.2, 140.4, 130.1, 128.8, 126.6, 67.6, 60.9, 54.1, 47.3, 41.8, 29.1, 27.6, 24.6, 10.7; EI-MS 

[m/z (%)] 276 (M+, 1), 256 (3), 245 (7), 185 (100), 167 (24), 128 (12), 91 (10), 70 (48), 58 (50); 

HR-MS (EI) calcd. for C16H24N2O2: 276.1838; found 276.1819. 

187 (1.93 g, 7.72 mmol) dissolved in THF (15 mL) was cannulated into 

a flame dried flask containing Schwartz’s reagent (2.09 g, 8.10 mmol) 

dissolved in THF (25 mL). The reaction mixture was stirred at room 

temperature for 15 minutes, before turning into a homogenous yellow solution, indicating 

consumption of starting material. The mixture was worked up with saturated NaHCO3 and diluted 

with dichloromethane. The organic phase was washed with water and brine. The resulting 

precipitate was filtered off by passing the organic layer through a pad of Celite. The solution was 

dried over Na2SO4, filtered, and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 50:50 EtOAc:hexanes, Rf = 0.23) provided hemiaminal 205 as a white 

solid (1.88 g, 97%); [α]D
25 −53.3 (c = 1.01, acetone); IR (ATR) νmax 3213, 2958, 2912, 2878, 2178, 

1666, 1458, 1444, 1269, 1117, 1010, 839, 759 cm-1; 1H NMR (300 MHz, acetone-d6) δ 5.37 (t, 

1H, J = 6.6 Hz), 5.18 (d, 1H, J = 6.6 Hz), 4.26 (d, 1H, J = 18.0 Hz), 3.90 (q, 1H, J = 7.2 Hz), 3.71 

(d, 1H, J = 18.0 Hz), 3.45 (dt, 1H, J = 10.8, 6.8 Hz), 2.94 (dt, 1H, J = 10.8, 6.8 Hz), 2.03-1.74 (m, 

4H), 0.15 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 160.3, 101.4, 86.9, 78.3, 61.5, 45.7, 30.1, 

25.9, 24.1, -0.9; EI-MS [m/z (%)] 252 (M+, 9), 237 (87), 234 (69), 219 (20), 181 (8), 123 (100), 

96 (13), 83 (20), 70 (29); HR-MS (EI) calcd. for C12H20N2O2Si: 252.1294; found 252.1288. 

Hemiaminal 205 (1.39 g, 5.51 mmol) dissolved in THF (25 mL) was 

treated with n-BuLi (2.75 mL, 2.10 M, 5.79 mmol) at 0 °C. The cold 

bath was removed upon addition and the mixture was warmed up to 40 
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°C. The mixture turned dark red and was stirred at 40 °C for 2 hours. TESCl (1.01 mL, 6.06 mmol) 

was added quickly and after 10 minutes the heat mantle was removed, and the mixture was worked 

up with saturated NaHCO3 and diluted with EtOAc. The organic phase was washed with water 

and brine. The solution was dried over Na2SO4, filtered, and concentrated under reduced pressure 

to give 2 (1.64 g, 4.48 mmol, 81%) as an 80:20 mixture of anti/syn-188 epimers. Purification by 

flash column chromatography (silica gel, 30:70 Et2O:petroleum ether, Rf (anti) = 0.24, Rf (syn) = 

0.18), provided anti-188 (1.31 g, 36 mmol, 65%) and syn-188 (0.32 g, 0.88 mmol, 16%) both as 

pale yellow oils (1.64 g, 81%); [α]D
24 −40.4 (c = 1.05, acetone); IR (ATR) νmax 2955, 2910, 2876, 

2178, 1714, 1421, 1383, 1249, 1069, 1003, 840, 725 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.30 

(s, 1H), 4.33 (d, 1H, J = 18.0 Hz), 3.74 (d, 1H, J = 18.0 Hz), 3.50-3.43 (m, 2H), 2.97 (ddd, 1H, J 

= 11.6, 8.8, 4.8 Hz), 1.89-1.78 (m, 3H), 1.23 (dq, 1H, J = 12.0, 3.4 Hz), 1.01 (t, 9H, J = 8.0 Hz), 

0.73 (q, 6H, J = 8.0 Hz) 0.15 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 162.2, 101.8, 88.9, 82.7, 

67.8, 45.9, 31.4, 28.8, 25.5, 7.0, 5.3, -0.1; EI-MS [m/z (%)] 366 (M+, 50), 337 (38), 293 (2), 235 

(16), 184 (11), 131 (9), 103 (100), 75 (98), 69 (36); HR-MS (EI) calcd. for C18H34N2O2Si2: 

366.2159; found 366.2150. 

A solution of anti-188 (0.08 g, 0.22 mmol) in Et2O (4 mL) at −78 °C was 

treated with LDA (0.22 mL, 1.10 M, 0.24 mmol). The mixture turned 

bright yellow upon addition. After 30 min, methanol-d4 (0.01 mL, 0.24 

mmol) was added by syringe, and the reaction was allowed to warm slowly to room temperature. 

Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc (10 

mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure. Purification by flash column chromatography (silica gel, 

30:70 EtOAc:hexanes, Rf = 0.56) gave 192a (0.056 g, 70%) as a pale yellow oil; [α]D
24 −51.8 (c = 
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0.715, acetone); IR (ATR) νmax 2956, 2911, 2877, 2178, 1712, 1458, 1249, 1077, 1003, 839, 726 

cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.29 (s, 1H), 3.72 (bs, 1H), 3.52-3.43 (m, 2H), 2.96 (ddd, 

1H, J = 11.2, 8.7, 4.8 Hz), 1.90-1.82 (m, 3H), 1.23 (ddt, 1H, J = 19.2, 12.0, 10.0 Hz), 1.01 (t, 9H, 

J = 8.0 Hz), 0.72 (q, 6H, J = 8.0 Hz), 0.15 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 162.0, 101.7, 

88.9, 82.6, 67.8, 45.9, 31.1, 28.7, 25.4, 6.7, 5.2, -0.18; EI-MS [m/z (%)] 367 (M+, 100), 338 (45), 

255 (42), 235 (61), 211 (16), 184 (14), 123 (30), 103 (52), 75 (21); HR-MS (EI) calcd. for 

C18H33DN2O2Si2: 367.2222; found 367.2219. 

A solution of anti-188 (0.120 g, 0.33 mmol) in Et2O (4 mL) at −78 °C 

was treated with LDA (0.33 mL, 1.10 M, 0.36 mmol). The mixture 

turned bright yellow upon addition. After 30 min, Me2SO4 (0.034 mL, 

0.36 mmol) was added by syringe, and the reaction was allowed to warm slowly to room 

temperature. NaOH 15% (10 mL) was added and the reaction mixture was extracted with EtOAc 

(10 mL). The organic extract was washed with saturated NaHCO3, water, brine, dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.47) gave 192b (0.090 g, 72%) as a pale 

yellow solid; mp 33-35 °C; [α]D
24 −60.9 (c = 1.04, acetone); IR (ATR) νmax 2955, 2912, 2877, 

2166, 1705, 1413, 1338, 1248, 1081, 1007, 838, 725 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.32 

(s, 1H), 4.66 (q, 1H, J = 7.2 Hz), 3.81 (q, 1H, J = 7.2 Hz), 3.5 (dt, 1H, J = 7.6, 11.2 Hz), 3.40 (dd, 

1H, J = 9.6, 6.4 Hz ), 2.96-2.90 (m, 1H), 2.00-1.97 (m, 1H), 1.86-1.79 (m, 2H), 1.46 (d, 3H, J = 

7.2 Hz) 1.23 (ddt, 1H, J = 19.2, 12, 9.6 Hz), 1.02 (t, 9H, J = 7.8 Hz), 0.74 (q, 6H, J = 7.8 Hz), 0.12 

(s, 9H); 13C NMR (100 MHz, acetone-d6) δ 162.3, 107.6, 85.6, 82.4, 68.1, 45.8, 39.9, 28.6, 25.3, 

19.4, 7.1, 5.5, 0.00; EI-MS [m/z (%)] 380 (M+, 48), 365 (19), 351 (46), 249 (31), 184 (32), 124 

(63), 103 (83), 75 (100); HR-MS (EI) calcd. for C19H36N2O2Si2: 380.2315; found 380.2310. 
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A solution of anti-188 (0.18 g, 0.49 mmol) in Et2O (5 mL) at −78 °C 

was treated with LDA (0.47 mL, 1.14 M, 0.54 mmol). The mixture 

turned bright yellow upon addition. After 30 min, benzyl bromide (0.06 

mL, 0.54 mmol) was added by syringe, and the reaction was allowed to 

warm slowly to room temperature. Saturated NaHCO3 (10 mL) was added and the reaction mixture 

was extracted with EtOAc (10 mL). The organic extract was washed with water, brine, dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 30:70 EtOAc:Toluene, Rf = 0.80) gave 192c (0.117 g, 52%) as a pale 

yellow solid; mp 55-58 °C (Et2O/hexanes); [α]D
24 −34.1 (c = 0.7, acetone); IR (ATR) νmax 3087, 

3062, 3030, 2955, 2912, 2877, 2173, 1701, 1422, 1248, 1071, 1004, 913, 839, 740; 1H NMR (300 

MHz, acetone-d6) δ 7.31-7.22 (m, 5H), 5.23 (s, 1H), 4.92 (dd, 1H, J = 8.4, 7.6 Hz), 3.46-3.39 (m, 

1H), 3.32 (dd, 1H, J = 9.4, 6.7 Hz ), 3.26 (dd, 1H, J = 14.0, 7.6 Hz), 3.12 (dd, 1H, J = 14.0, 8.4 

Hz), 2.86 (ddd, 1H, J = 11.3, 8.7, 5.2 Hz ), 1.87-1.54 (m, 4H), 1.04 (t, 9H, J = 8.0 Hz), 0.76 (q, 

6H, J = 8.0 Hz), 0.11 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 161.8, 137.0, 129.0, 128.1, 126.6, 

105.3, 86.8, 81.9, 67.3, 45.2, 44.2, 38.5, 27.4, 24.2, 6.3, 4.7, -0.9; EI-MS [m/z (%)] 456 (M+, 2), 

427 (8), 365 (99), 324 (35), 233 (100), 181 (6), 124 (30), 103 (80), 75 (44); HR-MS (EI) calcd. for 

C25H40N2O2Si2: 456.2628; found 456.2622. 

189b (30 mg, 0.079 mmol) was dissolved with CH2Cl2 (2 mL) and p-

toluenesulfonic acid monohydrate (1.50 mg, 0.079 mmol) was added. 

After stirring for 10 minutes at rt, the solution was diluted with CH2Cl2 

(10 mL) and was washed sequentially with sat. aq. NaHCO3, H2O, brine, dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 50:50 EtOAc:hexanes, Rf = 0.12) gave 191a (18.5 mg, 94%) as a pale yellow oil; 
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[α]D
24 −39.9 (c = 0.93, acetone); IR (ATR) νmax 2959, 2931, 2900, 2174, 1673, 1631, 1351, 1194, 

1145, 839, 697 cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.17 (t, 1H, J = 1.2 Hz), 4.94 (q, 1H, J = 

7.2 Hz, ), 3.54 (t, 2H, J = 7.0 Hz), 2.67 (td, 2H, J = 8.0, 1.6 Hz), 2.37 (quintet, 2H, J = 7.0 Hz ), 

1.42 (d, 3H, J = 7.2 Hz), 0.14 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 149.6, 127.5, 105.8, 

98.9, 87.9, 42.5, 41.2, 28.5, 23.1, 22.7, -0.2; EI-MS [m/z (%)] 248 (M+, 37), 233 (21), 181 (7), 124 

(100), 109 (16), 97 (21), 75 (24); HR-MS (EI) calcd. for C13H20N2OSi: 248.1345; found 248.1342. 

189e (30 mg, 0.066 mmol) was dissolved with CH2Cl2 (2 mL) and p-

toluenesulfonic acid monohydrate (12.5 mg, 0.066 mmol) was added. 

After stirring for 10 minutes at rt, the solution was diluted with CH2Cl2 

(10 mL) and was washed sequentially with sat. aq. NaHCO3, H2O, brine, dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 50:50 EtOAc:hexanes, Rf = 0.14) gave 191b (17 mg, 81%) as a white solid; mp 63-66 

°C; [α]D
24 +2.8 (c = 0.82, acetone); IR (ATR) νmax 3099, 3060, 3027, 2957, 2916, 2850, 2183, 1657, 

1625, 1422, 1248, 1033, 837, 696 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.30-7.21 (m, 5H), 6.14 

(t, 1H, J = 1.6 Hz), 5.03 (dd, 1H, J = 8.0, 6.8 Hz, ), 3.53 (td, 2H, J = 7.5, 1.0 Hz), 3.06 (ddd, 2H, 

J = 18.4, 12.8, 6.4 Hz), 2.67 (td, 2H, J = 7.9, 1.5 Hz, ), 2.40-2.35 (m, 2H), 0.13 (s, 9H); 13C NMR 

(100 MHz, acetone-d6) δ 149.8, 137.6, 130.4, 128.8, 127.5, 127.2, 104.2, 99.7, 90.2, 47.5, 42.6, 

42.5, 28.5, 23.0, -0.3; EI-MS [m/z (%)] 324 (M+, 25), 309 (6), 233 (100), 181 (8), 124 (11), 85 (7), 

57 (11); HR-MS (EI) calcd. for C19H24N2OSi: 324.1658; found 324.1650. 

192b (30 mg, 0.079 mmol) was dissolved with CH2Cl2 (2 mL) and p-

toluenesulfonic acid monohydrate (1.50 mg, 0.079 mmol) was added. 

After stirring for 10 minutes at rt, the solution was diluted with CH2Cl2 

(10 mL) and was washed sequentially with sat. aq. NaHCO3, H2O, brine, dried over anhydrous 
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Na2SO4 and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 70:30 EtOAc:hexanes, Rf = 0.08) gave ent-191a (18.8 mg, 96%) as a pale yellow oil; 

[α]D
24 +43.5 (c = 0.94, acetone); IR (ATR) νmax 2959, 2931, 2900, 2174, 1676, 1632, 1351, 1194, 

1145, 838, 696 cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.17 (t, 1H, J = 1.2 Hz), 4.94 (q, 1H, J = 

7.2 Hz), 3.54 (t, 2H, J = 7.0 Hz), 2.67 (td, 2H, J = 8.0, 1.6 Hz), 2.37 (quintet, 2H, J = 7.0 Hz ), 

1.42 (d, 3H, J = 7.2 Hz), 0.15 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 149.6, 127.5, 105.8, 

98.9, 87.9, 42.5, 41.2, 28.5, 23.0, 22.7, -0.2; EI-MS [m/z (%)] 248 (M+, 76), 233 (52), 181 (20), 

124 (100), 109 (54), 97 (52), 69 (40); HR-MS (EI) calcd. for C13H20N2OSi: 248.1345; found 

248.1345. 

192c (30 mg, 0.066 mmol) was dissolved with CH2Cl2 (2 mL) and p-

toluenesulfonic acid monohydrate (12.5 mg, 0.066 mmol) was added. 

After stirring for 10 minutes at rt, the solution was diluted with CH2Cl2 

(10 mL) and was washed sequentially with sat. aq. NaHCO3, H2O, brine, dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 50:50 EtOAc:hexanes, Rf = 0.14) gave ent-191b (17 mg, 81%) as a thick pale yellow 

oil; [α]D
25 −2.4 (c = 0.70, acetone); IR (ATR) νmax 3062, 3030, 2957, 2926, 2178, 1672, 1632, 1416, 

1249, 839, 697 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.29-7.22 (m, 5H), 6.14 (t, 1H, J = 1.6 

Hz), 5.03 (dd, 1H, J = 8.0, 6.8 Hz), 3.54 (td, 2H, J = 7.5, 1.0 Hz), 3.06 (ddd, 2H, J = 18.4, 12.8, 

6.4 Hz), 2.67 (td, 2H, J = 7.9, 1.5 Hz), 2.40-2.33 (m, 2H), 0.13 (s, 9H); 13C NMR (100 MHz, 

CDCl3) δ 149.8, 137.6, 130.5, 128.8, 127.5, 127.2, 104.3, 99.8, 90.2, 47.5, 42.6, 42.6, 28.5, 23.0, 

-0.2; EI-MS [m/z (%)] 324 (M+, 13), 309 (5), 233 (100), 181 (10), 124 (20), 73 (21); HR-MS (EI) 

calcd. for C19H24N2OSi: 324.1658; found 324.1655. 
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A solution of syn-188 (0.200 g, 0.546 mmol) in Et2O (5 mL) was added 

into a flask containing TMSCl (0.28 mL, 2.18 mmol). The mixture was 

cooled down to −78 °C and treated with LDA (0.39 mL, 1.4 M, 0.546 

mmol). The mixture turned bright yellow upon addition and was left to warm up slowly to rt. 

Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc (10 

mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure. Purification by flash column chromatography (silica gel, 

30:70 EtOAc:hexanes, Rf = 0.40) gave 206 (0.04 g, 20%) as thick yellow oil; IR (ATR) νmax 2987, 

2952, 2896, 1897, 1687, 1415, 1359, 1244, 1200, 1146, 834, 685 cm-1; 1H NMR (400 MHz, 

acetone-d6) δ 5.98 (s, 1H), 3.55 (t, 2H, J = 7.0 Hz), 2.69 (td, 2H, J = 1.6, 7.2 Hz), 2.37 (quintet, 

2H, J = 7.2 Hz), 0.22 (s, 9H), 0.19 (s, 18H); 13C NMR (100 MHz, acetone-d6) δ 209.0, 149.4, 

127.8, 101.3, 96.3, 92.9, 42.6, 28.2, 23.2, 0.9, 0.1; EI-MS [m/z (%)] 378 (M+, 25), 363 (35), 305 

(28), 255 (7), 221 (15), 181 (36), 131 (15), 99 (18), 85 (60), 71 (77), 57 (100); HR-MS (EI) calcd. 

for C18H34N2OSi3: 378.1979; found 378.1967. 

A solution of syn-188 (0.2 g, 0.55 mmol) in THF (4 mL) at −78 °C was 

treated with LDA (0.58 mL, 1.03 M, 0.60 mmol). The mixture turned 

bright yellow upon addition. After 30 min, magnesium (II) bromide 

(0.150 g, 0.82 mmol) dissolved in THF (1 mL) was quickly cannulated into the mixture. The 

mixture turned pale yellow and was stirred at −78 °C for 20 minutes. Bu3SnCl was slowly added 

at −78 °C. After 45 minutes saturated NaHCO3 (10 mL) was added and the reaction mixture was 

extracted with Et2O (10 mL). The organic extract was washed with water, brine, dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 
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chromatography (silica gel, 20:80 EtOAc:hexanes, Rf = 0.46) gave 207 (0.224 g, 62%), a yellow 

oil as a 85:25 mixture of diastereomers. 

Major isomer: IR (ATR) νmax 2954, 2918, 2875, 2853, 1922, 1717, 1407, 1244, 1091, 838, 742 

cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.39 (s, 1H), 5.30 (d, 1H, J = 6.6 Hz), 3.87 (q, 1H, J = 6.9 

Hz), 3.51-3.45 (m, 1H), 2.93 (ddd, 1H, J = 10.8, 7.4, 5.3 Hz), 1.89-1.73 (m, 4H), 1.59-1.52 (m, 

6H), 1.31-1.29 (m, 12H), 1.03 (t, 9H, J = 8.0 Hz), 0.90 (t, 9H, J = 8.0 Hz), 0.74 (q, 6H, J = 8.0 

Hz), 0.19 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 206.3, 159.8, 95.7, 82.9, 81.4, 62.7, 46.7, 

29.7, 28.0, 26.5, 25.9, 13.9, 11.7, 7.2, 5.6, 0.2; EI-MS [m/z (%)] 656 (M+, 2), 627 (1), 599 (87), 

467 (37), 366 (9), 351 (23), 234 (19), 157 (12), 123 (16), 111 (31), 103 (100); HR-MS (EI) calcd. 

for C30H60N2O2Si2Sn: 656.3215; found 656.3207. 

Minor isomer: Characteristic signals: 1H NMR (400 MHz, acetone-d6) δ 5.40 (s, 1H), 5.32 (d, 1H, 

J = 6.5 Hz), 0.89 (t, 1H, J = 7.3 Hz), 0.15 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 206.4, 82.6, 

82.5, 62.6, 46.8, 29.7, 27.9, 26.5, 25.9, 13.9, 11.8, 7.1, 5.6, 0.2. 

A solution of syn-188 (0.11 g, 0.30 mmol) in Et2O (4 mL) at −78 °C 

was treated with LiTMP (0.43 mL, 0.77 M, 0.33 mmol). The mixture 

turned bright yellow upon addition. After 30 min, TMSCl (0.04 mL, 

0.33 mmol) was added by syringe, and the reaction was allowed to warm slowly to room 

temperature. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with 

EtOAc (10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 40:60 EtOAc:hexanes, Rf = 0.75) gave 190a (0.099 g, 75%) as a pale yellow oil; [α]D
23 

−27.8 (c = 0.825, acetone); IR (ATR) νmax 2954, 2878, 1929, 1715, 1458, 1245, 1091, 975, 838, 

726 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.58 (s, 1H), 5.35 (d, 1H, J = 6.4 Hz), 3.89 (q, 1H, J 
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= 7.0 Hz), 3.47 (dt, 1H, J = 10.7, 7.2 Hz), 2.97-2.91 (m, 1H), 1.91-1.73 (m, 4H), 1.02 (t, 9H, J = 

8.0 Hz), 0.74 (q, 6H, J = 8.0 Hz), 0.20 (s, 9H), 0.16 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 

210.4, 159.5, 100.9, 84.8, 82.4, 62.6, 46.5, 26.5, 25.8, 7.0, 5.4, 0.3, 0.2; EI-MS [m/z (%)] 438 (M+, 

2), 433 (1), 409 (1), 306 (10), 233 (10), 183 (16), 155 (5), 124 (5), 103 (39), 73 (100); HR-MS (EI) 

calcd. for C21H42N2O2Si3: 438.2554; found 438.2558. 

A solution of syn-188 (0.20 g, 0.55 mmol) in Et2O (5 mL) at −78 °C 

was treated with LiTMP (0.76 mL, 0.79 M, 0.60 mmol). The mixture 

turned bright yellow upon addition. After 30 min, benzophenone (0.11 

g, 0.60 mmol) was added and the reaction was allowed to stir at −78 °C for 1 hour and warmed up 

to −60 °C. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with 

EtOAc (10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 20:80 EtOAc:hexanes, Rf = 0.32) gave 190b (0.109 g, 36%) as a white solid; mp 91-

95 °C; [α]D
24 +32.5 (c = 1.07, acetone); IR (ATR) νmax 3400, 3058, 3026, 2955, 2911, 2877, 1942, 

1691, 1403, 1244, 1097, 1013, 837, 736, 699 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.65 (d, 2H, 

J = 7.6 Hz), 7.46 (d, 2H, J = 7.6 Hz), 7.28-7.16 (m, 6H), 5.88 (s, 1H), 5.43 (s, 1H), 5.34 (d, 1H, J 

= 6.4 Hz), 3.91 (q, 1H, J = 6.7 Hz), 3.54-3.48 (m, 1H), 3.03-2.97 (m, 1H), 1.92-1.73 (m, 4H), 0.94 

(t, 9H, J = 8.0 Hz), 0.63 (q, 6H, J = 8.0 Hz), -0.01 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 

204.1, 159.3, 148.7, 128.6, 128.3, 128.0, 127.2, 118.8, 94.0, 82.0, 62.6, 46.5, 26.7, 25.7, 7.1, 5.3, 

0.5; EI-MS [m/z (%)] 548 (M+, 4), 519 (6), 366 (64), 292 (25), 235 (28), 182 (61), 115 (24), 105 

(100), 85 (28), 77 (54); HR-MS (EI) calcd. for C31H44N2O3Si2: 548.2890; found 548.2885. 
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A solution of syn-188 (0.166 g, 0.45 mmol) in Et2O (5 mL) at −78 °C 

was treated with LiTMP (0.66 mL, 0.76 M, 0.50 mmol). The mixture 

turned bright yellow upon addition. After 30 min, acetone (0.037 mL, 

0.50 mmol) was added and the reaction was allowed to stir at −78 °C for 1 hour and warmed up to 

−60 °C. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc 

(10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, filtered 

and concentrated under reduced pressure. Purification by flash column chromatography (silica gel, 

40:60 EtOAc:hexanes, Rf = 0.40) gave 190c (0.075 g, 39%) as pale yellow oil; [α]D
24 +14.1 (c = 

1.02, acetone); IR (ATR) νmax 3400, 2956, 2913, 2878, 1944, 1693, 1401, 1245, 1114, 1095, 929, 

912, 837, 740, 685 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.89 (s, 1H), 5.45 (d, 1H, J = 6.8 Hz), 

4.47 (s, 1H), 3.94 (q, 1H, J = 6.8 Hz), 3.51-3.42 (m, 1H), 3.00-2.95 (m, 1H), 1.90-1.76 (m, 4H), 

1.37 (s, 3H), 1.36 (s, 3H), 1.02 (t, 9H, J = 7.8 Hz), 0.75 (q, 6H, J = 7.8 Hz), 0.17 (s, 9H); 13C NMR 

(100 MHz, acetone-d6) δ 201.5, 160.0, 119.3, 92.1, 82.0, 72.6, 62.7, 46.3, 32.2, 31.3, 26.6, 25.7, 

7.1, 5.4, 0.6; EI-MS [m/z (%)] 424 (M+, 5), 409 (13), 366 (99), 293 (23), 235 (25), 197 (45), 184 

(24), 103 (64), 85 (48), 73 (100); HR-MS (EI) calcd. for C21H40N2O3Si2: 424.2577; found 

424.2572. 

A solution of syn-188 (0.152 g, 0.415 mmol) in Et2O (5 mL) at −78 

°C was treated with LDA (0.40 mL, 1.14 M, 0.456 mmol). The 

mixture turned bright yellow upon addition. After 30 min, 

cyclohexanone (0.047 mL, 0.456 mmol) was added and the reaction was allowed to stir at −78 °C 

for 1 hour and warmed up to −60 °C. Saturated NaHCO3 (10 mL) was added and the reaction 

mixture was extracted with EtOAc (10 mL). The organic extract was washed with water, brine, 

dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by 



114 
 

flash column chromatography (silica gel, 40:60 Et2O:hexanes, Rf = 0.17) gave 190d (0.06 g, 31%) 

as a colourless thick oil; [α]D
22 +9.7 (c = 0.6, acetone); IR (ATR) νmax 3400, 2951, 2911, 2934, 

2878, 1932, 1696, 1401, 1277, 1155, 977, 837, 729 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.89 

(s, 1H), 5.45 (d, 1H, J = 6.4 Hz), 4.11 (s, 1H), 3.94 (q, 1H, J = 6.8 Hz), 3.51-3.44 (m, 1H), 3.00-

2.94 (m, 1H), 1.90-1.45 (m, 14H), 1.02 (t, 9H, J = 8.0 Hz), 0.75 (q, 6H, J = 8.0 Hz), 0.17 (s, 9H); 

13C NMR (100 MHz, acetone-d6) δ 202.2, 159.8, 148.7, 119.4, 94.1, 92.2, 82.0, 73.7, 62.6, 46.2, 

39.4, 39.0, 26.5, 26.3, 25.7, 22.8, 7.0, 5.3, 0.8; EI-MS [m/z (%)] 464 (M+, 10), 408 (55), 366 (100), 

337 (54), 267 (32), 234 (66), 197 (65), 155 (45), 127 (54), 103 (53), 85 (42); HR-MS (EI) calcd. 

for C24H44N2O3Si2: 464.2890; found 464.2880. 

A solution of syn-188 (0.18 g, 0.49 mmol) in Et2O (5 mL) at −78 

°C was treated with LiTMP (0.66 mL, 0.59 M, 0.54 mmol). The 

mixture turned bright yellow upon addition. After 30 min, 

benzaldehyde (0.05 mL, 0.54 mmol) was added and the reaction was allowed to stir at −78 °C for 

1 hour and warmed up to −60 °C. Saturated NaHCO3 (10 mL) was added and the reaction mixture 

was extracted with EtOAc (10 mL). The organic extract was washed with water, brine, dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.44) gave 190e (0.126 g, 54%) as a white 

solid; mp 93-96 °C (EtOH/H2O); [α]D
24 −183.0 (c = 1.015, acetone); X-ray data (CCDC 2002532) 

was collected on a colorless block (0.10 × 0.10 × 0.08 mm3), obtained by crystallization from 

EtOH/H2O: C25H40N2O3Si2, M=472.77 g/mol, monoclinic, P21, a=8.7162(2) Å, b=12.0182(2) Å, 

c=13.3977(3) Å, V=1351.14(5) Å3, α=90°, β=105.6920(10)°, γ=90°, Z=2, Dc=1.162 g/cm3, 

F(000)=512, T=150(2) K; 23031 data were collected. The structure was solved by Direct Methods 

(SHELXTL) and refined by full-matrix least squares on F2 resulting in final R, Rw and GOF [for 
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4759 data with F>2σ(F)] of 0.0306, 0.0746, and 1.053 respectively; IR (ATR) νmax 3318, 3064, 

3029, 2952, 2876, 1938, 1677, 1392, 1246, 1083, 929, 910, 837, 727, 695 cm-1; 1H NMR (400 

MHz, acetone-d6) δ 7.44 (d, 2H, J = 8.0 Hz), 7.30 (t, 2H, J = 7.2 Hz), 7.24 (t, 1H, J = 6.0 Hz), 6.07 

(d, 1H, J = 1.6 Hz), 5.56 (d, 1H, J = 2.4 Hz), 5.50 (d, 1H, J = 6.4 Hz), 5.28 (bs, 1H), 3.97 (q, 1H, 

J = 6.8 Hz), 3.54-3.49 (m, 1H), 3.05-3.00 (m, 1H), 1.96-1.78 (m, 4H), 1.03 (t, 9H, J = 8.0 Hz), 

0.76 (q, 6H, J = 8.0 Hz), -0.04 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 202.0, 160.1, 144.5, 

128.5, 128.15, 127.9, 115.5, 93.2, 81.8, 72.9, 62.6, 46.0, 26.3, 25.4, 6.9, 5.2, -1.3; EI-MS [m/z 

(%)] 472 (M+, 8), 443 (6), 384 (7), 366 (100), 337 (24), 234 (30), 197 (22), 106 (23), 103 (48), 77 

(10); HR-MS (EI) calcd. for C25H40N2O3Si2: 472.2577; found 472.2576. 

A solution of syn-188 (0.20 g, 0.55 mmol) in Et2O (5 mL) at −78 °C 

was treated with LDA (0.81 mL, 0.74 M, 0.60 mmol). The mixture 

turned bright yellow upon addition. After 30 min, gaseous 

formaldehyde (excess) was added by a wide cannula and the reaction was allowed to stir at −78 

°C for 1 hour and warmed up to −60 °C. Saturated NaHCO3 (10 mL) was added and the reaction 

mixture was extracted with EtOAc (10 mL). The organic extract was washed with water, brine, 

dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by 

flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.47) gave 190f (0.054 g, 

25%) as a pale yellow thick oil; [α]D
23 −15.5 (c = 2.01, acetone); IR (ATR) νmax 3391, 2955, 2911, 

2877, 1947, 1689, 1411, 1328, 1247, 1097, 912, 837, 726 cm-1; 1H NMR (400 MHz, acetone-d6) 

δ 6.01 (t, 1H, J = 3.2 Hz), 5.49 (d, 1H, J = 6.4 Hz), 4.47 (dd, 1H, J = 8.4, 2.8 Hz), 4.21-4.11 (m, 

2H), 3.95-3.93 (m, 1H), 3.50-3.46 (m, 1H), 3.02-2.97 (m, 1H), 1.91-1.76 (m, 4H), 1.02 (t, 9H, J = 

8.0 Hz), 0.75 (q, 6H, J = 8.0 Hz), 0.13 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 201.1, 160.0, 

111.6, 92.8, 81.8, 62.5, 60.8, 46.0, 26.2, 25.4, 6.8, 5.1, -1.7; EI-MS [m/z (%)] 396 (M+, 40), 366 
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(38), 294 (10), 269 (5), 255 (63), 209 (12), 155 (11), 124 (31), 103 (100), 84 (75), 75 (71); HR-

MS (EI) calcd. for C19H36N2O3Si2: 396.2264; found 396.2265. 

A solution of syn-188 (0.218 g, 0.49 mmol) in Et2O (5 mL) at −78 °C 

was treated with LiTMP (0.59 mL, 0.92 M, 0.54 mmol). The mixture 

turned bright yellow upon addition. After 30 min, acetophenone (0.06 

mL, 0.54 mmol) was added and the reaction was allowed to stir at −78 °C for 1 hour and warmed 

up to −60 °C. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with 

EtOAc (10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 30:70 EtOAc:hexanes, Rf = 0.51) gave 190g (0.076 g, 32%), a pale yellow oil, as a 

68:32 mixture of diastereomers. 

Major isomer: IR (ATR) νmax 3400, 3058, 3026, 2955, 2912, 2877, 1947, 1692, 1404, 1244, 1097, 

928, 837, 740, 699 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.70 (dd, 2H, J = 8.6, 1.4 Hz), 7.31-

7.24 (m, 3H), 5.99 (s, 1H), 5.44 (d, 1H, J = 6.4 Hz), 4.80 (s, 1H), 3.96 (q, 1H, J = 6.8 Hz), 3.55-

3.49 (m, 1H), 3.04-2.98 (m, 1H), 1.92-1.90 (m, 4H), 1.72 (s, 3H), 1.03 (t, 9H, J = 8.0 Hz), 0.75 (q, 

6H, J = 8.0 Hz), -0.09 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 201.7, 159.4, 148.9, 128.0, 

126.9, 126.7, 117.9, 92.5, 81.9, 76.1, 62.5, 46.2, 32.2, 26.5, 25.6, 6.9, 5.2, 0.1; EI-MS [m/z (%)] 

486 (M+, 1), 457 (2), 408 (5), 366 (100), 337 (51), 293 (10), 234 (35), 197 (23), 155 (14), 105 (42), 

85 (28), 71 (25); HR-MS (EI) calcd. for C26H42N2O3Si2: 486.2734; found 486.2728. 

Minor isomer: Characteristic signals: 1H NMR (400 MHz, acetone-d6) δ 7.53 (dd, 2H, J = 8.6, 

1.4 Hz), 7.20-7.14 (m, 3H), 6.06 (s, 1H), 5.51 (d, 1H, J = 6.4 Hz), 5.04 (s, 1H), -0.12 (s, 9H); 13C 

NMR (100 MHz, acetone-d6) δ 201.9, 159.7, 149.3, 128.2, 126.8, 126.6, 118.8, 92.9, 75.9, 46.1, 

31.04, 26.4, 25.5, -0.01. 
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A solution of syn-188 (0.179 g, 0.489 mmol) in Et2O (5 mL) 

at −78 °C was treated with LDA (0.43 mL, 1.24 M, 0.54 

mmol). The mixture turned bright yellow upon addition. 

After 30 min, p-anisaldehyde (0.06 mL, 0.54 mmol) was added and the reaction was allowed to 

stir at −78 °C for 1 hour and warmed up to −60 °C. Saturated NaHCO3 (10 mL) was added and the 

reaction mixture was extracted with EtOAc (10 mL). The organic extract was washed with water, 

brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification 

by flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.26) gave 190h (0.076 

g, 31%) as a thick colourless oil; [α]D
22 −229.1 (c = 1.40, acetone); IR (ATR) νmax 3351, 2955, 

2910, 2877, 2836, 1948, 1689, 1511, 1400, 1246, 1098, 982, 837, 741 cm-1; 1H NMR (400 MHz, 

acetone-d6) δ 7.34 (d, 2H, J = 8.8 Hz), 6.86 (d, 2H, J = 8.8 Hz), 6.06 (d, 1H, J = 2.0 Hz), 5.51 (d, 

1H, J = 6.4 Hz), 5.47 (d, 1H, J = 2.0 Hz), 5.23 (t, 1H, J = 1.6 Hz), 3.98 (q, 1H, J = 6.7 Hz), 3.78 

(s, 3H), 3.52 (dt, 1H, J = 10.8, 7.2 Hz), 3.05-3.00 (m, 1H), 1.96-1.79 (m, 4H), 1.04 (t, 9H, J = 8.0 

Hz), 0.77 (q, 6H, J = 8.0 Hz), -0.05 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 202.0, 160.4, 

160.1, 136.6, 129.6, 115.9, 114.0, 93.3, 82.1, 72.5, 62.8, 55.4, 46.2, 26.5, 25.7, 7.1, 5.4, -1.1; EI-

MS [m/z (%)] 502 (M+, 31), 473 (11), 366 (100), 337 (30), 246 (72), 197 (53), 135 (68), 103 (74), 

71 (54); HR-MS (EI) calcd. for C26H42N2O4Si2: 502.2683; found 502.2680.  

A solution of syn-188 (0.166 g, 0.453 mmol) in Et2O (5 mL) 

at −78 °C was treated with LDA (0.40 mL, 1.24 M, 0.50 

mmol). The mixture turned bright yellow upon addition. After 

30 min, p-cyanobenzaldehyde (0.065 g, 0.50 mmol) was added and the mixture turned bright 

orange upon addition. The reaction was allowed to stir at −78 °C for 1 hour and warmed up to −60 

°C. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc 
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(10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, filtered 

and concentrated under reduced pressure. Purification by flash column chromatography (silica gel, 

30:70 EtOAc:hexanes, Rf = 0.28) gave 190i (0.069 g, 31%) as a thick pale yellow oil; [α]D
22 −141.0 

(c = 0.6, acetone); IR (ATR) νmax 3339, 2955, 2912, 2877, 2227, 1939, 1687, 1407, 1247, 1098, 

838, 728 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.72 (d, 2H, J = 8.2 Hz), 7.67 (d, 2H, J = 8.2 

Hz), 6.06 (d, 1H, J = 1.2 Hz), 5.71 (d, 1H, J = 3.6 Hz), 5.49 (d, 1H, J = 6.8 Hz), 5.38 (d, 1H, J = 

2.8 Hz), 3.99 (q, 1H, J = 6.9 Hz), 3.55-3.49 (m, 1H), 3.06-3.00 (m, 1H), 1.96-1.79 (m, 4H), 1.01 

(t, 9H, J = 8.0 Hz), 0.74 (q, 6H, J = 8.0 Hz), 0.17 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 

203.6, 160.1, 150.7, 132.6, 128.9, 119.5, 114.8, 111.6, 93.8, 82.0, 72.8, 62.8, 46.2, 26.6, 25.6, 7.1, 

5.4, -1.0; EI-MS [m/z (%)] 497 (M+, 20), 468 (23), 366 (100), 321 (15), 233 (38), 186 (20), 129 

(16), 103 (42), 75 (40); HR-MS (EI) calcd. for C26H39N3O3Si2: 497.2530; found 497.2523.  

A solution of syn-188 (0.140 g, 0.382 mmol) in Et2O (4 mL) 

at −78 °C was treated with LDA (0.34 mL, 1.24 M, 0.42 

mmol). The mixture turned bright yellow upon addition. After 

30 min, 4-biphenylcarboxaldehyde (0.077 g, 0.42 mmol) was added. The reaction was allowed to 

stir at −78 °C for 1 hour and warmed up to −60 °C. Saturated NaHCO3 (10 mL) was added and the 

reaction mixture was extracted with EtOAc (10 mL). The organic extract was washed with water, 

brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification 

by flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.42) gave 190j (0.052 

g, 25%) as a thick colourles oil; [α]D
22 −202.1 (c = 1.15, acetone); IR (ATR) νmax 3351, 3055, 3028, 

2954, 2911, 2877, 1948, 1689, 1401, 1246, 1099, 838, 731 cm-1; 1H NMR (400 MHz, acetone-d6) 

δ 7.66 (d, 2H, J = 7.2 Hz), 7.62 (d, 2H, J = 8.0 Hz), 7.54 (d, 2H, J = 8.0 Hz), 7.45 (t, 2H, J = 7.6 

Hz), 7.34 (t, 1H, J = 7.6 Hz), 6.09 (d, 1H, J = 1.6 Hz), 5.60 (d, 1H, J = 2.4 Hz), 5.51 (d, 1H, J = 
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6.4 Hz), 5.34 (bs, 1H), 3.98 (q, 1H, J = 6.8 Hz), 3.57-3.50 (m, 1H), 3.06-3.00 (m, 1H), 1.96-1.79 

(m, 4H), 1.03 (t, 9H, J = 7.8 Hz), 0.76 (q, 6H, J = 7.8 Hz), 0.01 (s, 9H); 13C NMR (100 MHz, 

acetone-d6) δ 202.5, 160.3, 144.0, 141.7, 140.8, 129.7, 128.8, 128.0, 127.6, 127.2, 115.7, 93.5, 

82.1, 72.8, 62.8, 46.2, 26.6, 25.7, 7.1, 5.4, -1.0; EI-MS [m/z (%)] 548 (M+, 22), 468 (23), 416 (32), 

366 (100), 337 (35), 292 (56), 182 (60), 153 (30), 85 (49), 75 (34); HR-MS (EI) calcd. for 

C31H44N2O3Si2: 548.2890; found 548.2878.  

A solution of syn-188 (0.16 g, 0.45 mmol) in Et2O (5 mL) at −78 

°C was treated with LDA (0.44 mL, 1.14 M, 0.50 mmol). The 

mixture turned bright yellow upon addition. After 30 min, ClTi(Oi-

Pr)3 (0.54 mL, 1.00 M, 0.55 mmol) was added and the mixture turned dark orange. The mixture 

was then warmed up to −25 °C.  After stirring at that temperature for 10 minutes, the mixture was 

cooled down back to −78 °C, benzaldehyde (0.05 mL, 0.50 mmol) was added and the reaction was 

allowed to stir at −78 °C for 1 hour and warmed up to −60 °C. Saturated NaHCO3 (10 mL) was 

added and the reaction mixture was extracted with EtOAc (10 mL). The organic extract was 

washed with water, brine, filtered through Celite to remove Ti salts, dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. Purification by flash column chromatography 

(silica gel, 30:70 EtOAc:hexanes, Rf = 0.48) gave epi-190e (0.098 g, 45%) as a colourless oil; 

[α]D
22 +92.8 (c = 1.085, acetone); IR (ATR) νmax 3368, 3085, 3061, 3027, 2955, 2877, 1945, 1691, 

1414, 1245, 1097, 929, 838, 741, 700 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.45 (d, 2H, J = 7.2 

Hz), 7.32 (t, 2H, J = 7.2 Hz), 7.25 (t, 1H, J = 6.0 Hz), 6.09 (d, 1H, J = 3.4 Hz), 5.52 (d, 1H, J = 

6.6 Hz), 5.29 (d, 1H, J = 8.9 Hz), 5.20 (dd, 1H, J = 3.0, 8.9 Hz), 4.00 (q, 1H, J = 6.8 Hz), 3.57-

3.51 (m, 1H), 3.08-3.02 (m, 1H), 1.96-1.79 (m, 4H), 1.04 (t, 9H, J = 8.0 Hz), 0.77 (q, 6H, J = 8.0 

Hz), -0.13 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 201.8, 160.4, 145.5, 128.7, 128.4, 127.9, 
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114.6, 93.1, 82.0, 74.3, 62.7, 46.3, 26.6, 25.6, 7.0, 5.3, -0.9; EI-MS [m/z (%)] 472 (M+, 2), 443 

(1), 408 (3), 366 (65), 351 (49), 337 (37), 236 (38), 181 (28), 111 (25), 103 (100), 75 (79); HR-

MS (EI) calcd. for C25H40N2O3Si2: 472.2577; found 472.2570.  

A solution of syn-188 (0.173 g, 0.47 mmol) in Et2O (5 mL) 

at −78 °C was treated with LDA (0.42 mL, 1.24 M, 0.52 

mmol). The mixture turned bright yellow upon addition. 

After 30 min, ClTi(Oi-Pr)3 (0.57 mL, 1.00 M, 0.57 mmol) was added and the mixture turned dark 

orange. The mixture was then warmed up to −25 °C. After stirring at that temperature for 10 

minutes, the mixture was cooled down back to −78 °C, p-anisaldehyde (0.06 mL, 0.52 mmol) was 

added and the reaction was allowed to stir at −78 °C for 1 hour and warmed up to −60 °C. Saturated 

NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc (10 mL). The 

organic extract was washed with water, brine, filtered through Celite to remove Ti salts, dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.36) gave epi-190h (0.105 g, 44%) as a 

white solid that was recrystallized as colourless thin needles; mp 121-124 °C (Et2O/hexanes); [α]D
22 

+184.0 (c = 1.03, acetone); IR (ATR) νmax 3318, 3013, 2953, 2876, 2836, 1955, 1676, 1512, 1422, 

1255, 1049, 914, 836, 691 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.36 (d, 2H, J = 8.8 Hz), 6.87 

(d, 2H, J = 8.8 Hz), 6.08 (d, 1H, J = 1.6 Hz), 5.52 (d, 1H, J = 6.4 Hz), 5.14-5.12 (m, 2H), 3.99 (q, 

1H, J = 6.8 Hz), 3.78 (s, 3H), 3.54 (dt, 1H, J = 10.6, 7.2 Hz), 3.08-3.02 (m, 1H), 1.97-1.80 (m, 

4H), 1.04 (t, 9H, J = 8.0 Hz), 0.77 (q, 6H, J = 8.0 Hz), -0.12 (s, 9H); 13C NMR (100 MHz, acetone-

d6) δ 200.6, 159.5, 159.0, 136.8, 128.7, 113.9, 113.1, 92.2, 81.1, 72.7, 61.8, 54.5, 45.4, 25.6, 24.7, 

6.1, 4.4, -1.8; EI-MS [m/z (%)] 502 (M+, 7), 473 (1), 366 (21), 337 (4), 246 (28), 197 (6), 135 (61), 

103 (87), 75 (100); HR-MS (EI) calcd. for C26H42N2O4Si2: 502.2683; found 502.2677.  



121 
 

A solution of syn-188 (0.163 g, 0.44 mmol) in Et2O (5 mL) at 

−78 °C was treated with LDA (0.39 mL, 1.24 M, 0.49 mmol). 

The mixture turned bright yellow upon addition. After 30 min, 

ClTi(Oi-Pr)3 (0.53 mL, 1.00 M, 0.53 mmol) was added and the mixture turned dark orange. The 

mixture was then warmed up to −25 °C. After stirring at that temperature for 10 minutes, the 

mixture was cooled down back to −78 °C, p-cyanobenzaldehyde (0.064 g, 0.49 mmol) was added 

and the reaction was allowed to stir at −78 °C for 1 hour and warmed up to −60 °C. Saturated 

NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc (10 mL). The 

organic extract was washed with water, brine, filtered through Celite to remove Ti salts, dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.40) gave epi-190i (0.058 g, 26%) as a 

thick yellow oil; [α]D
22 +83.8 (c = 0.64, acetone); IR (ATR) νmax 3351, 2955, 2911, 2877, 2227, 

1939, 1687, 1503, 1245, 1099, 839, 729 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.73 (d, 2H, J = 

8.4 Hz), 7.67 (d, 2H, J = 8.4 Hz), 6.10 (d, 1H, J = 2.8 Hz), 5.51 (d, 1H, J = 6.4 Hz), 5.43 (d, 1H, J 

= 8.0 Hz), 5.36 (dd, 1H, J = 8.0, 2.8 Hz), 3.99 (q, 1H, J = 6.7 Hz), 3.53 (dt, 1H, J = 10.7, 7.2 Hz), 

3.08-3.02 (m, 1H), 1.96-1.80 (m, 4H), 1.02 (t, 9H, J = 8.0 Hz), 0.76 (q, 6H, J = 8.0 Hz), -0.07 (s, 

9H); 13C NMR (100 MHz, acetone-d6) δ 202.7, 160.2, 151.1, 132.8, 129.2, 119.5, 113.9, 111.6, 

93.6, 82.0, 74.0, 62.8, 46.3, 26.7, 25.7, 7.1, 5.4, -0.7; EI-MS [m/z (%)] 497 (M+, 19), 423 (14), 365 

(46), 337 (34), 265 (48), 227 (58), 163 (34), 103 (100), 75 (89); HR-MS (EI) calcd. for 

C26H39N3O3Si2: 497.2530; found 497.2524.  

A solution of syn-188 (0.151 g, 0.41 mmol) in Et2O (5 mL) at 

−78 °C was treated with LDA (0.36 mL, 1.24 M, 0.45 mmol). 

The mixture turned bright yellow upon addition. After 30 min, 
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ClTi(Oi-Pr)3 (0.49 mL, 1.00 M, 0.49 mmol) was added and the mixture turned dark orange. The 

mixture was then warmed up to −25 °C. After stirring at that temperature for 10 minutes, the 

mixture was cooled down back to −78 °C, 4-biphenylcarboxaldehyde (0.083 g, 0.45 mmol) was 

added and the reaction was allowed to stir at −78 °C for 1 hour and warmed up to −60 °C. Saturated 

NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc (10 mL). The 

organic extract was washed with water, brine, filtered through Celite to remove Ti salts, dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 30:70 EtOAc:Petroleum Ether, Rf = 0.54) gave epi-190j (0.085 g, 

38%) as a thick colourless oil; [α]D
22 +128.5 (c = 1.05, acetone); IR (ATR) νmax 3368, 3055, 3028, 

2954, 2911, 2877, 1944, 1690, 1410, 1278, 1097, 828, 731 cm-1; 1H NMR (400 MHz, acetone-d6) 

δ 7.67 (d, 2H, J = 7.2 Hz), 7.63 (d, 2H, J = 8.0 Hz), 7.55 (d, 2H, J = 8.0 Hz), 7.45 (t, 2H, J = 7.6 

Hz), 7.34 (t, 1H, J = 7.6 Hz), 6.12 (d, 1H, J = 2.9 Hz), 5.53 (d, 1H, J = 6.6 Hz), 5.32 (d, 1H, J = 

8.8 Hz), 5.27 (dd, 1H, J = 8.4, 2.9 Hz), 4.00 (q, 1H, J = 6.8 Hz), 3.59-3.52 (m, 1H), 3.09-3.04 (m, 

1H), 1.97-1.80 (m, 4H), 1.04 (t, 9H, J = 8.0 Hz), 0.77 (q, 6H, J = 8.0 Hz), -0.08 (s, 9H); 13C NMR 

(100 MHz, acetone-d6) δ 202.0, 160.5, 144.9, 141.7, 140.7, 129.7, 129.0, 128.0, 127.6, 127.3, 

114.7, 93.3, 82.1, 74.1, 62.8, 46.3, 26.7, 25.7, 7.1, 5.4, -0.7; EI-MS [m/z (%)] 548 (M+, 40), 416 

(36), 366 (100), 292 (90), 235 (36), 182 (70), 153 (28), 103 (28), 75 (25); HR-MS (EI) calcd. for 

C31H44N2O3Si2: 548.2890; found 548.2881.  

A solution of anti-188 (0.39 g, 1.08 mmol) in Et2O (5 mL) at −78 °C 

was treated with LDA (1.11 mL, 1.07 M, 1.20 mmol). The mixture 

turned bright yellow upon addition. After 30 min, acetone (0.10 mL, 

1.2 mmol) was added and the reaction was allowed to stir at −78 °C for 1 hour and warmed up to 

−60 °C. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted with EtOAc 
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(10 mL). The organic extract was washed with water, brine, dried over anhydrous Na2SO4, filtered 

and concentrated under reduced pressure. Purification by flash column chromatography (silica gel, 

30:70 EtOAc:hexanes, Rf = 0.29) gave 209a (0.181 g, 40%) as pale yellow oil; [α]D
25 −74.4 (c = 

1.05, acetone); IR (ATR) νmax 3431, 2956, 2898, 2877, 1943, 1696, 1433, 1243, 1068, 1002, 838, 

728 cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.41 (s, 1H), 5.26 (s, 1H), 3.91 (s, 1H), 3.55 (dt, 1H, 

J = 8.0, 7.6 Hz), 3.47 (dd, 1H, J = 6.4, 10.4 Hz), 2.99 (dq, 1H, J = 8.8, 4.8 Hz), 1.90-1.86 (m, 3H), 

1.38 (s, 3H), 1.35 (s, 3H), 1.23-1.18 (m, 1H), 0.99 (t, 9H, J = 7.8 Hz), 0.73 (q, 6H, J = 7.8 Hz), 

0.21 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 198.5, 161.0, 122.2, 93.3, 83.7, 73.3, 67.6, 46.0, 

32.3, 31.9, 28.7, 25.1, 7.1, 5.8, 0.7; EI-MS [m/z (%)] 424 (M+, 4), 409 (6), 366 (100), 337 (11), 

293 (7), 234 (36), 197 (13), 184 (4), 103 (21), 75 (7); HR-MS (EI) calcd. for C21H40N2O3Si2: 

424.2577; found 424.2573. 

A solution of anti-188 (0.189 g, 0.52 mmol) in Et2O (5 mL) at −78 

°C was treated with LDA (0.54 mL, 1.05 M, 0.57 mmol). The 

mixture turned bright yellow upon addition. After 30 min, 

benzaldehyde (0.058 mL, 0.57 mmol) was added and the reaction was allowed to stir at −78 °C 

for 1 hour and warmed up to −60 °C. Saturated NaHCO3 (10 mL) was added and the reaction 

mixture was extracted with EtOAc (10 mL). The organic extract was washed with water, brine, 

dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by 

flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.33) gave 209b (0.100 g, 

41%) as white solid; mp 112-115 °C; [α]D
25 +38.7 (c = 0.85, acetone); IR (ATR) νmax 3391, 3087, 

3063, 3022, 2953, 2904, 2876, 1946, 1679, 1440, 1263, 1066, 1011, 836, 696 cm-1; 1H NMR (400 

MHz, acetone-d6) δ 7.40 (d, 2H, J = 6.8 Hz), 7.30 (t, 2H, J = 7.4 Hz), 7.23-7.22 (m, 1H), 6.41 (d, 

1H, J = 2.4 Hz), 5.36 (dd, 1H, J = 4.0, 2.4 Hz), 4.99 (s, 1H), 4.92 (d, 1H, J = 4.0 Hz), 3.53 (dt, 1H, 
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J = 11.2, 7.7 Hz), 3.42 (dd, 1H, J = 10.0, 6.2 Hz), 3.03-2.96 (m, 1H), 1.88-1.84 (m, 4H), 0.97 (t, 

9H, J = 8.0 Hz), 0.68 (q, 6H, J = 8.0 Hz), 0.07 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 200.7, 

161.1, 145.5, 128.6, 127.8, 127.6, 117.5, 94.0, 83.7, 74.3, 67.6, 46.0, 28.6, 25.2, 7.1, 5.7, -0.6; EI-

MS [m/z (%)] 472 (M+, 2), 443 (2), 366 (36), 337 (8), 293 (5), 234 (19), 184 (8), 103 (84), 75 

(100); HR-MS (EI) calcd. for C21H40N2O3Si2: 472.2577; found 472.2569. 

A solution of allene 190a (0.032 g, 0.07 mmol) in CH2Cl2 (1 mL) was 

cooled to −78 °C. Aluminum chloride (0.010 g, 0.077 mmol) was 

added into the flask in one portion. After one hour saturated NaHCO3 

(5 mL) was added and the reaction mixture was extracted with EtOAc (5 mL). The organic extract 

was washed with water, brine, dried over anhydrous Na2SO4, filtered and concentrated under 

reduced pressure. Purification by flash column chromatography (silica gel, 50:50 EtOAc:hexanes, 

Rf = 0.23) gave 210 (0.016 g, 76%) as a white solid; mp 122-125 °C (Et2O/hexanes); [α]D
21 −0.07 

(c = 0.75, acetone);  IR (ATR) νmax 3146, 3037, 2953, 2895, 1932, 1677, 1630, 1419, 1247, 837 

cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.59 (s, 1H), 5.95 (s, 1H), 3.56 (t, 2H, J = 7.0 Hz), 2.69 

(td, 2H, J = 1.2, 7.2 Hz), 2.38 (quintet, 2H, J = 7.2 Hz), 0.19 (s, 18H); 13C NMR (100 MHz, 

acetone-d6) δ 208.6, 148.6, 128.6, 109.4, 99.1, 87.9, 42.7, 28.5, 23.2, 0.05; EI-MS [m/z (%)] 306 

(M+, 82), 288 (26), 233 (83), 183 (100), 149 (19), 130 (23), 118 (30), 105 (33); HR-MS (EI) calcd. 

for C15H26N2OSi2: 306.1584; found 306.1577. 

Allene 190a (0.086 g, 0.196 mmol) was dissolved in CH2Cl2 (3 mL) and 

p-toluenesulfonic acid monohydrate (0.075 g, 0.392 mmol) was added. 

The mixture was heated to reflux for 5 minutes. After cooling down to 

rt, the solution was diluted with CH2Cl2 (10 mL) and was washed sequentially with sat. aq. 

NaHCO3, H2O, brine, dried over anhydrous Na2SO4 and concentrated under reduced pressure. 
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Purification by flash column chromatography (silica gel, 90:10 EtOAc:hexanes, Rf = 0.11) gave 

211 (0.028 g, 61%) as a thick pale yellow oil; IR (ATR) νmax 2958, 2899, 2180, 1669, 1632, 1421, 

1352, 1249, 1172, 1015, 838, 759 cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.13 (s, 1H), 4.34 (s, 

2H), 3.55 (t, 2H, J = 7.0 Hz), 2.68 (t, 2H, J = 7.0 Hz), 2.38 (quintet, 2H, J = 7.0 Hz), 0.15 (s, 9H); 

13C NMR (100 MHz, acetone-d6) δ 150.3, 127.6, 102.1, 101.7, 88.7, 42.7, 33.9, 28.7, 23.2, 0.0; 

EI-MS [m/z (%)] 234 (M+, 89), 219 (27), 205 (7), 181 (8), 123 (100), 111 (6), 96 (7), 80 (10); HR-

MS (EI) calcd. for C12H18N2OSi: 234.1188; found 234.1181. 

Allene 190c (39 mg, 0.092 mmol) was dissolved in MeOH (2 mL) and 

K2CO3 (13 mg, 0.092 mmol) was added at rt. After stirring for 15 

minutes, water was added and the solution was diluted with EtOAc, 

washed with water and brine, dried over Na2SO4 and concentrated under reduced pressure. 

Purification by flash column chromatography (silica gel, 50:50 EtOAc:hexanes, Rf = 0.29) gave 

hemiaminal 213a (17 mg, 61%) as a white solid; mp 120-123 °C; [α]D
24 −79.8 (c = 0.65, acetone); 

IR (ATR) νmax 3492, 3038, 2968, 2954, 2920, 2902, 2876, 2854, 1949, 1687, 1446, 1240, 1050, 

987, 809 cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.59 (s, 1H, J = 1.8 Hz), 5.29 (d, 1H, J = 6.4 

Hz), 5.10 (d, 1H, J = 6.4 Hz), 4.09 (s, 1H), 3.52 (dt, 1H, J = 11.2, 8.0 Hz), 3.46 (dd, 2H, J = 10.4, 

6.4 Hz), 2.99 (ddd, 1H, J = 11.4, 8.8, 4.2 Hz), 1.93-1.81 (m, 2H), 1.42 (s, 3H), 1.40 (s, 3H), 1.23-

1.18 (m, 2H), 0.18 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 198.9, 160.1, 122.6, 94.2, 81.8, 

74.2, 67.2, 45.9, 31.7, 31.4, 25.4, 0.5; EI-MS [m/z (%)] 310 (M+, 3), 292 (8), 252 (50), 234 (100), 

221 (20), 151 (12), 124 (25), 111 (22), 73 (25); HR-MS (EI) calcd. for C15H26N2O3Si: 310.1713; 

found 310.1705. 



126 
 

Allene 190e (37 mg, 0.086 mmol) was dissolved in MeOH (2 mL) 

and K2CO3 (12 mg, 0.086 mmol) was added at rt. After stirring for 

15 minutes, water was added and the solution was diluted with 

EtOAc, washed with water and brine, dried over Na2SO4 and concentrated under reduced pressure. 

Purification by flash column chromatography (silica gel, 50:50 EtOAc:hexanes, Rf = 0.29) gave 

hemiaminal 213b (21 mg, 70%) as a white solid; [α]D
23 −234.1 (c = 0.7, acetone); IR (ATR) νmax 

3445, 3192, 3053, 3031, 2955, 2923, 2852, 1958, 1650, 1490, 1247, 1064, 839, 734 cm-1; 1H NMR 

(300 MHz, acetone-d6) δ 7.35 (d, 2H, J = 9.2, 2.0 Hz), 7.35-7.23 (m, 3H), 6.72 (d, 1H, J = 1.8 Hz), 

5.78 (bs, 1H), 5.42 (s, 1H), 5.20 (s, 1H), 5.15 (bs, 1H), 3.57-3.47 (m, 2H), 3.02 (ddd, 1H, J = 14.8, 

12.0, 6.0 Hz), 1.96-1.83 (m, 2H), 1.30-1.27 (m, 3H), 0.03 (s, 9H); 13C NMR (100 MHz, acetone-

d6) δ 201.6, 160.1, 144.2, 129.0, 128.5, 128.1, 118.4, 95.9, 81.6, 74.7, 66.6, 46.1, 29.0, 25.7, -1.1; 

EI-MS [m/z (%)] 358 (M+, 12), 340 (25), 252 (100), 234 (71), 216 (41), 201 (28), 124 (21), 106 

(34), 73 (24); HR-MS (EI) calcd. for C19H26N2O3Si: 358.1713; found 358.1704. 

A solution of allene 190a (0.100 g, 0.23 mmol) in Et2O (4 mL) at −78 

°C was treated with LiTMP (0.32 mL, 0.79 M, 0.25 mmol). The 

mixture turned bright yellow upon addition. After 30 min, methanol-

d4 (0.01 mL, 0.25 mmol) was added by syringe, and the reaction was allowed to warm slowly to 

room temperature. Saturated NaHCO3 (10 mL) was added and the reaction mixture was extracted 

with EtOAc (10 mL). The organic extract was washed with water, brine, dried over anhydrous 

Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (silica gel, 40:60 EtOAc:hexanes, Rf = 0.75) gave 214 (0.096 g, 96%) as a pale 

yellow oil; [α]D
23 −31.7 (c = 1.01, acetone); IR (ATR) νmax 2954, 2878, 1921, 1714, 1458, 1246, 

1091, 974, 839, 727 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.36 (d, 1H, J = 6.4 Hz), 3.89 (q, 1H, 
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J = 6.8 Hz), 3.47 (dt, 1H, J = 10.8, 6.8 Hz), 2.97-2.91 (m, 1H), 1.90-1.73 (m, 4H), 1.02 (t, 9H, J = 

8.0 Hz), 0.74 (q, 6H, J = 8.0 Hz), 0.20 (s, 9H), 0.17 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 

210.5, 159.6, 101.0, 123.9, 82.5, 62.7, 46.6, 26.5, 25.9, 7.1, 5.5, 0.2, 0.1; EI-MS [m/z (%)] 439 

(M+, 5), 424 (3), 410 (12), 366 (3), 308 (5), 235 (15), 207 (7), 184 (6), 142 (11), 99 (21), 85 (100), 

71 (46), 56 (65); HR-MS (EI) calcd. for C21H41DN2O2Si3: 439.2617; found 439.2614. 

A solution of syn-188 (0.180 g, 0.49 mmol) in Et2O (4 mL) at −78 °C 

was treated with LDA (0.52 mL, 1.04 M, 0.54 mmol). The mixture 

turned bright yellow upon addition. After 30 min, ClTi(Oi-Pr)3 (0.59 

mL, 1.00 M, 0.59 mmol) was added and the mixture turned dark orange. The mixture was then 

warmed up to −25 °C. After stirring at that temperature for 5 minutes, the mixture was cooled 

down back to −78 °C and acetic acid (0.98, 1.00 M in Et2O, 0.98 mmol) was added. After 15 

minutes saturated NaHCO3 (5 mL) was added and the reaction mixture was extracted with EtOAc 

(10 mL). The organic extract was washed with water, brine, filtered through celite to remove Ti 

salts, dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification 

by flash column chromatography (silica gel, 40:60 EtOAc:hexanes, Rf = 0.75) gave 215 (0.162 g, 

90%) as a yellow oil; [α]D
20 +19.3 (c = 0.70, acetone); IR (ATR) νmax 2955, 2911, 2877, 1947, 1712, 

1412, 1247, 1103, 841, 729 cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.04 (d, 1H, J = 6.8 Hz), 5.62 

(d, 1H, J = 6.8 Hz), 5.43 (d, 1H, J = 6.4 Hz), 3.90 (q, 1H, J = 6.8 Hz), 3.52-3.46 (m, 1H), 3.00-

2.94 (m, 1H), 1.93-1.74 (m, 4H), 1.00 (t, 9H, J = 8.0 Hz), 0.73 (q, 6H, J = 8.0 Hz), 0.13 (s, 9H); 

13C NMR (100 MHz, acetone-d6) δ 208.1, 159.2, 94.6, 90.9, 82.0, 62.9, 46.7, 26.5, 25.9, 7.1, 5.5, 

-1.1; EI-MS [m/z (%)] 366 (M+, 8), 351 (16), 255 (100), 211 (11), 109 (14), 103 (18), 75 (9); HR-

MS (EI) calcd. for C18H34N2O2Si2: 366.2159; found 366.2153. 
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A solution of allene 215 (0.10 g, 0.27 mmol) in Et2O (2 mL) was added 

into a flame dry flask containing Me2SO4 (0.04 mL, 0.42 mmol) at −78 

°C and was treated with n-BuLi (0.24 mL, 2.38 M, 0.56 mmol). The 

mixture turned orange upon addition. After one hour, water (10 mL) was added and the reaction 

mixture was extracted with EtOAc (10 mL). The organic extract was washed with 15% NaOH, 

water, brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. 

Purification by flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.51) gave 

the allene epimer 217 as a byproduct (0.016 g, 16%) as a pale yellow oil; IR (ATR) νmax 2954, 

2911, 2877, 1942, 1713, 1427, 1246, 1099, 839, 728 cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.48 

(d, 1H, J = 6.8 Hz), 5.83 (d, 1H, J = 6.8 Hz), 5.40 (d, 1H, J = 6.4 Hz), 3.97 (q, 1H, J = 6.5 Hz), 

3.48-2.42 (m, 1H), 2.99-2.95 (m, 1H), 1.93-1.72 (m, 4H), 0.99 (t, 9H, J = 8.0 Hz), 0.71 (q, 6H, J 

= 8.0 Hz), 0.14 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 206.5, 158.4, 98.3, 91.7, 80.9, 62.7, 

46.2, 27.3, 25.9, 7.1, 5.8, -1.1; EI-MS [m/z (%)] 366 (M+, 21), 351 (37), 269 (23), 255 (100), 211 

(33),  124 (43), 103 (99), 75 (79); HR-MS (EI) calcd. for C18H34N2O2Si2: 366.2159; found 

366.2156. 

A solution of allene 215 (0.128 g, 0.35 mmol) in THF (2 mL) at −78 °C was 

treated with n-BuLi (0.15 mL, 2.53 M, 0.38 mmol). The mixture turned bright 

orange upon addition. After 30 min, methanol-d4 (0.016 mL, 0.38 mmol) was 

added dropwise by syringe. After 1 hour saturated NaHCO3 (10 mL) was added and the reaction 

mixture was extracted with EtOAc (10 mL). The organic extract was washed with water, brine, 

dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by 

flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.11) gave 218 (11 mg, 11%) 

as a yellowish oil; [α]D
21 −14.4 (c = 0.91, acetone); IR (ATR) νmax 3230, 2953, 2911, 2876, 2733, 
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1700, 1412, 1241, 1087, 1004, 842, 729 cm-1; 1H NMR (400 MHz, acetone-d6) δ 6.22 (bs, 1H), 

5.36 (d, 1H, J = 6.0 Hz), 3.98 (q, 1H, J = 6.2 Hz), 3.45 (dt, 1H, J = 10.7, 6.5 Hz), 2.86 (dt, 1H, J 

= 10.7, 6.9 Hz), 1.83 (quintet, 3H, J = 6.7 Hz), 1.75-1.67 (m, 1H), 0.97 (t, 9H, J = 8.0 Hz), 0.67 

(q, 6H, J = 8.0 Hz); 13C NMR (100 MHz, acetone-d6) δ 163.5, 78.6, 64.8, 46.2, 27.5, 25.5, 7.0, 

5.3; EI-MS [m/z (%)] 256 (M+, 3), 227 (41), 184 (11), 124 (25), 103 (87), 75 (100), 70 (35); HR-

MS (EI) calcd. for C12H24N2O2Si: 256.1607; found 256.1601. 

A solution of allene 215 (0.107 g, 0.29 mmol) in THF (2 mL) at −78 °C 

was treated with LDA (0.29 mL, 1.12 M, 0.32 mmol). The mixture 

turned bright orange upon addition. After 30 min, benzyl bromide (0.035 

mL, 0.29 mmol) was added dropwise by syringe. After 1 hour saturated NaHCO3 (10 mL) was 

added and the reaction mixture was extracted with EtOAc (10 mL). The organic extract was 

washed with water, brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced 

pressure. Purification by flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 

0.38) gave 220 (0.03 g, 19%) as a white solid; mp 133-136 °C (Et2O/haxanes); [α]D
22 −88.7 (c = 

0.965, acetone); IR (ATR) νmax 3059, 3026, 2955, 2912, 2877, 2171, 1670, 1402, 1261, 994, 800, 

702 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.47 (d, 2H, J = 7.2 Hz), 7.36-7.28 (m, 3H), 7.21-

7.11 (m, 5H), 5.20 (d, 1H, J = 5.6 Hz), 4.16 (d, 1H, J = 12.8 Hz), 3.88 (d, 1H, J = 12.8 Hz), 3.66 

(dt, 1H, J = 9.5, 7.4 Hz), 3.49-3.41 (m, 1H), 3.29 (d, 1H, J = 14.4 Hz), 3.06-2.98 (m, 1H), 2.41 (d, 

1H, J = 13.2 Hz) 1.92-1.76 (m, 4H), 0.99 (t, 9H, J = 8.0 Hz), 0.83 (q, 6H, J = 8.0 Hz), 0.18 (s, 9H); 

13C NMR (100 MHz, acetone-d6) δ 160.6, 138.2, 132.2, 131.7, 128.6, 128.2, 127.6, 127.2, 106.9, 

85.5, 62.1, 61.8, 46.5, 45.9, 41.3, 28.1, 26.2, 7.3, 6.1, -0.05; EI-MS [m/z (%)] 546 (M+, 2), 455 

(57), 367 (38), 323 (68), 235 (48), 196 (39), 124 (44), 103 (100), 75 (52); HR-MS (EI) calcd. for 

C32H46N2O2Si2: 546.3098; found 546.3092. 
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A solution of allene 215 (0.10 g, 0.27 mmol) in THF (2 mL) at −78 °C was 

treated with n-BuLi (0.15 mL, 2.11 M, 0.33 mmol). The mixture turned bright 

red upon addition. After one hour, TMSCl (0.035 mL, 0.27 mmol) was added 

dropwise by syringe, and the reaction was stirred at −78 °C for 2 hours. Water (10 mL) was added 

and the reaction mixture was extracted with EtOAc (10 mL). The organic extract was washed with 

water, brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. 

Purification by flash column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.51) gave 

221 (0.018 g, 20%) as a pale orange oil; [α]D
22 −39.3 (c = 0.87, acetone); IR (ATR) νmax 2955, 

2912, 2877, 1692, 1458, 1246, 1075, 840, 724 cm-1; 1H NMR (400 MHz, acetone-d6) δ 5.47 (d, 

1H, J = 6.0 Hz), 3.94 (q, 1H, J = 6.7 Hz), 3.45-3.39 (m, 1H), 2.92-2.86 (m, 1H), 1.93-1.72 (m, 

4H), 1.00 (t, 9H, J = 8.0 Hz), 0.72 (q, 6H, J = 8.0 Hz), 0.26 (s, 9H); 13C NMR (100 MHz, acetone-

d6) δ 164.8, 82.3, 65.5, 45.6, 27.5, 26.3, 7.2, 5.8, -0.2; EI-MS [m/z (%)] 328 (M+, 33), 299 (27), 

213 (26), 197 (40), 184 (36), 147 (19), 124 (29), 103 (100), 75 (95); HR-MS (EI) calcd. for 

C15H32N2O2Si2: 328.2002; found 328.1997. 

A solution of allene 215 (0.03 g, 0.08 mmol) in dimethyl acetylenedicarboxylate 

(1 mL) is heated up to 80 °C in a sealed tube. After 24 hours the mixture is left 

cool down to rt and concentrated under reduced pressure. Purification by flash 

column chromatography (silica gel, 30:70 EtOAc:hexanes, Rf = 0.28) gave 222 (0.04 g, 20%) as 

a colourless oil; [α]D
21 −8.6 (c = 0.16, acetone); IR (ATR) νmax 2954, 2912, 2877, 1737, 1702, 1459, 

1146, 731 cm-1; 1H NMR (400 MHz, acetone-d6) δ 8.71 (s, 1H), 5.84 (d, 1H, J = 5.6 Hz), 4.11 (q, 

1H, J = 6.7 Hz), 3.49 (dt, 1H, J = 10.9, 7.1 Hz), 3.11 (dt, 1H, J = 10.8, 6.4 Hz), (2H buried under 

solvent peak) 1.88-1.80 (m, 2H), 0.95 (t, 9H, J = 8.0 Hz), 0.71 (q, 6H, J = 8.0 Hz); 13C NMR (100 

MHz, acetone-d6) δ 173.6, 160.3, 76.6, 62.9, 44.5, 27.8, 24.9, 6.9, 5.1; EI-MS [m/z (%)] 255 (M-
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C2H5
+, 100), 211 (44), 184 (6), 109 (80), 75 (13); HR-MS (EI) calcd. for C11H19N2O3Si2: 255.1165; 

found 255.1156. 

To a solution of stannane 207 (0.10 g, 0.15 mmol) and benzaldehyde 

(0.18 mL, 0.18 mmol) in CH2Cl2 (2 mL) at −78 °C was added dropwise 

BF3·Et2O (0.03 mL, 0.24 mmol). The mixture turned slowly pale yellow. 

After one hour, saturated NaHCO3 (10 mL) was added and the reaction 

mixture was extracted with Et2O (10 mL). The organic extract was washed with water, brine, dried 

over anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash 

column chromatography (silica gel, 30:70 EtOAc:hexanes + 2% NEt3, Rf = 0.57) gave 223a (0.020 

g, 28%) as a pale yellow oil; [α]D
20 −43.1 (c = 0.45, acetone); IR (ATR) νmax 3272, 3090, 3063, 

3030, 2956, 2912, 2877, 2174, 1683, 1430, 1249, 840, 729 cm-1; 1H NMR (400 MHz, acetone-d6) 

δ 7.50 (d, 2H, J = 6.9 Hz), 7.35-7.25 (m, 3H), 6.37 (d, 1H, J = 1.7 Hz), 5.44 (d, 1H, J = 7.0 Hz), 

5.06 (bs, 1H), 4.06 (d, 1H, J = 2.9 Hz), 3.88 (dt, 1H, J = 8.7, 6.9 Hz), 3.58 (dt, 1H, J = 11.3, 7.5 

Hz), 3.01 (ddd, 1H, J = 11.2, 8.5, 4.6 Hz), 1.99-1.72 (m, 4H), 0.99 (t, 9H, J = 8.0 Hz), 0.72 (q, 6H, 

J = 8.0 Hz), 0.12 (s, 9H); 13C NMR (100 MHz, acetone-d6) δ 162.5, 142.8, 128.5, 128.3, 127.6, 

100.8, 91.0, 80.9, 76.4, 63.9, 55.5, 46.9, 25.8, 25.4, 7.1, 5.4, -0.01; EI-MS [m/z (%)] 457 (M-CH3
+, 

1), 443 (2), 366 (79), 293 (5), 234 (100), 197 (8), 103 (22), 75 (13); HR-MS (EI) calcd. for 

C24H37N2O3Si2: 457.2343; found 457.2341. 

To a solution of stannane 207 (0.12 g, 0.14 mmol) and 4-biphenyl-

carboxaldehyde (0.04 g, 0.22 mmol) in CH2Cl2 (2 mL) at −78 °C 

was added dropwise BF3·Et2O (0.03 mL, 0.24 mmol). The mixture 

turned slowly pale yellow. After one hour, saturated NaHCO3 (10 

mL) was added and the reaction mixture was extracted with Et2O (10 mL). The organic extract 
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was washed with water, brine, dried over anhydrous Na2SO4, filtered and concentrated under 

reduced pressure. Purification by flash column chromatography (silica gel, 30:70 EtOAc:hexanes 

+ 2% NEt3, Rf = 0.66) gave 223b (0.026 g, 26%) as a pale yellow oil; [α]D
20 −22.4 (c = 0.875, 

acetone); IR (ATR) νmax 3276, 3057, 3029, 2956, 2911, 2877, 2176, 1682, 1486, 1265, 1117, 839, 

753 cm-1; 1H NMR (400 MHz, acetone-d6) δ 7.68-7.58 (m, 6H), 7.47 (t, 2H, J = 7.6 Hz), 7.35 (t, 

1H, J = 6.8 Hz), 6.39 (d, 1H, J = 1.8 Hz), 5.46 (d, 1H, J = 6.9 Hz), 5.14 (t, 1H, J = 3.4 Hz), 4.11 

(d, 1H, J = 3.0 Hz), 3.89 (dt, 1H, J = 8.7, 6.8 Hz), 3.64-3.57 (m, 1H), 3.02 (ddd, 1H, J = 11.4, 8.2, 

4.6 Hz), 1.96-1.73 (m, 4H), 1.00 (t, 9H, J = 8.0 Hz), 0.73 (q, 6H, J = 8.0 Hz), 0.14 (s, 9H); 13C 

NMR (100 MHz, acetone-d6) δ 162.5, 142.0, 141.7, 141.0, 129.7, 128.2, 128.1, 127.7, 127.0, 

100.9, 91.1, 81.0, 76.1, 63.9, 55.4, 46.9, 25.8, 25.4, 7.1, 5.4, 0.02; EI-MS [m/z (%)] 533 (M-CH3
+, 

1), 519 (2), 398 (9), 366 (49), 337 (6), 292 (16), 234 (100), 182 (33), 103 (35); HR-MS (EI) calcd. 

for C30H41N2O3Si2: 533.2656; found 533.2653. 
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6 Selected Spectra 

 

1H (400 MHz, CDCl3) and 13C (100 MHz, CDCl3) NMR spectra for 187. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for syn-188. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 196b. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 189a. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 189b. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 189c. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 189d. 
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1H (300 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 189e. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 200. 
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HSQC and COSY for 200. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 201. 
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HSQC and COSY spectra for 201. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 202. 
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1H (300 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 205. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for anti-188. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 192a. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 192b. 
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1H (300 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 192c. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 191a. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 191b. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for ent-191a. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for ent-191b. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 206. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 207.  



157 
 

 
1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190a. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190b. 
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HSQC spectrum for 190b. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190c. 
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HSQC spectrum for 190c. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190d. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190e. 
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HSQC spectrum for 190e. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190f. 
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HSQC spectrum for 190f. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190g. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190h. 
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HSQC spectrum for 190h. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190i. 
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HSQC spectrum for 190i. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 190j. 
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HSQC spectrum for 190j. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for epi-190e. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for epi-190h. 
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HSQC spectrum for epi-190h. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for epi-190i. 
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HSQC spectrum for epi-190i. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for epi-190j. 
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HSQC spectrum for epi-190j. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 209a. 



182 
 

 
HSQC and COSY spectra for 209a. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 209b. 



184 
 

 

HSQC spectra for 209b. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 210. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 211. 



187 
 

 
1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 213a. 
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HSQC and COSY spectra for 213a. 
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1H (300 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 213b. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 214. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 215. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 217. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 218. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 220.  
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HSQC spectra for 220. 
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 221.  
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 222.  



198 
 

 
1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 223a.  
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1H (400 MHz, acetone-d6) and 13C (100 MHz, acetone-d6) NMR spectra for 223b.  
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HSQC for 223b. 
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