
Epimeric L -Proline Derived Imidazolone Chiral Auxiliaries for the Stereoselective 

Alkylative Birch Reduction of Aromatic Esters and Benzonitriles 

 

By 

 

Dusty Cadwallader, B. Sc. 

 

A thesis submitted in partial fulfilment of the requirements for the degree of 

Master of Science in Chemistry 

 Faculty of Mathematics and Science, Brock University  

St. Catharines, Ontario 

 

© 2020 

  



ii 
 

Abstract 

Described in this thesis are several advancements of imidazolidinone chiral auxiliaries. Initially, 

attempts were made to develop a N-heterocyclic carbene ligand derived from the N-benzyl 

analog of the auxiliary. Attempts to design a monodentate ligand as well as a bidentate ligand 

bearing an alcohol side chain were both shown to be unsuccessful. Work on the N-phenyl variant 

of the auxiliary included expanding upon our recently discovered methodology; a Birch 

reduction alkylation sequence of an aromatic ester yielding chiral quaternary carbon centres in a 

stereoselective matter. In substrates that demonstrate poor stereoselectivity, modification of the 

auxiliary to include a larger neopentoxy directing group gives way to increased selectivity. This 

work also includes the same Birch reduction alkylation sequence on a series of benzonitrile 

substrates with up to 64:36 diastereomeric ratio from either epimer of the auxiliary. The low 

selectivity of the benzonitrile substrates is offset by the resulting diastereomers of the 

dihydrobenzonitrile products being chromatographically separable. This results in the first 

preparation of optically pure quaternary carbons alpha to nitrile by Birch-type reductive 

alkylation. Progress was also made in the manipulation of chiral auxiliaries bearing the chiral 

alkoxy moiety. These functional groups were transformed into hemiaminals by citric acid 

hydrolysis in a 3:2 ratio with imidazolone by-products formed by acid mediated elimination of 

alcohol.  
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1. Introduction  

Molecules used for pharmaceutical applications often contain at least one element of chirality,1 

requiring high levels of stereochemical purity. This is achieved in nature by biosynthesis of 

single enantiomers by enzymes.2 However, stereoselective synthesis has proven to be a much 

greater challenge to chemists seeking to design methods for obtaining molecules of interest. 

While many stereoselective synthetic methods exist, the topic is still a massive research area in 

the chemistry community.3 Our research consists of the development of novel methods for 

directing a variety of chemical transformations with control of relative and absolute 

stereochemistry. A N-substituted chiral auxiliary derived from L-proline was synthesised by the 

Metallinos group for the preparation of planar chiral 1, 2-disubstituted amino ferrocenes after 

rapid deconstruction of the auxiliary.4,5 This methodology has been expanded to develop unusual 

N-heterocyclic carbene (NHC) ligands,6 selective substitution reactions of chromium arene 

complexes,7 axially chiral allenes, as well as sp3 benzyl and propargyl centres.8 The most recent 

application will report the Birch reduction of an ortho-ester N-phenyl variant of the auxiliary, 

with sequential diastereoselective alkylation of the sodium or lithium enolate, yielding 

cyclohexadienes bearing a quaternary centre.9 

 This thesis will discuss attempts to optimize the synthesis of the lower yielding syn 

epimer of the auxiliary from the stereodivergent step to have convenient access to either 

stereoisomer of alkylated cyclohexadiene, as well as chiral directing group variation in hopes of 

improving the lower stereoselectivity of the anti epimer. Due to replacement of the original silyl 

ether moiety with an alkyl ether in some systems, a new approach to deconstruction of the 

auxiliary by alternate deprotection strategies will be explored.  
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1.1 Stereoselective Synthesis 

1.1.1 Chiral Auxiliaries  

One of the earliest uses of a chiral auxiliary was in Coreyôs formal synthesis of 

prostaglandin.10 The synthesis utilized 8-phenyl menthol acrylate 1 to direct a Diels-Alder 

cycloaddition of a cyclopentadiene derivative to obtain bicycle 2 as a single diastereomer, as 

shown in Scheme 1.  

 

 

Scheme 1 - Chiral auxiliary utilization and removal in formal synthesis of prostaglandin 

Visualizing the Lewis acid bound intermediate in the chair configuration, the stereoselectivity of 

the reaction can be rationalized as the diene adding to the unsaturated ester from the least 

hindered face. Hydroxy ester 3 was obtained by trapping the lithium enolate of 2 with oxygen 

and followed by reduction to diol 4 with excess LiAlH 4. Reduction biproduct (-)-8-phenyl 

menthol 5 can be isolated from the reaction in good purity, effectively making it recyclable.  
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Corey initially demonstrated that hydrazone compounds like 7 undergo enolate formation 

and possess reactivity analogous to carbonyls to yield alkylated products 8, as shown in Scheme 

2, albeit yielding achiral or racemic molecules.11 

 

 

Scheme 2 - Alkylation of a dialkyl hydrazone with iodomethane 

This method evolved into the use of chiral hydrazines derived from (S)-proline (9) by reduction 

to prolinol 10, transformation to N-oxide 11, protection as the methyl ether 12, and finally 

reduction to SAMP 13 (Scheme 3). An enantiomeric series can be derived from (R)-glutamate 

(14) giving RAMP (ent-13) and both enantiomers have found widespread use in organic 

synthesis.12  

 

 

Scheme 3 - Synthesis of SAMP/RAMP hydrazines 13 and ent-13 

SAMP/RAMP can be incorporated into carbonyl compounds by a facile condensation in water 

trapping conditions and have shown good hydrazone yields in both ketones13 and aldehydes.14  
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The subsequent alkylation of the hydrazone enolates provided moderate to good stereoselectivity 

and could be deprotected back to carbonyl compounds via ozonolysis or acid hydrolysis of the 

methyl iodide salt (Scheme 4). 

 

 

Scheme 4 - Synthesis, alkylation and removal of SAMP coupled diethylketone  

As stated, RAMP/SAMP methods have found use in asymmetric synthesis, primarily in the field 

of total synthesis. One such example (Scheme 5) was the synthesis of a side chain of zaragoic 

acid A 25,15 in which the azaenolate of 19 was alkylated with 20. This was found to be superior 

to the use of oxazolidinone, which gave a mixture of diastereomers. The diastereomerically pure 

(92% de) 21 was then converted to aldehyde 22 by ozonolysis, extended by Wittig olefination 

and finally hydrolyzed to carboxylic acid 24. This was found to be physically and 

spectroscopically identical to 24 obtained from degradation of 25.  
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Scheme 5 - Synthesis of C4 acyl sidechain 24 of Zaargoic Acid A (25) 

The formal synthesis of anti-malarial drug (-)-C10-Desmethyl Arteannuin B (31)16 (Scheme 6) 

utilizes SAMP alkylation almost immediately from cyclohexenone 26, to obtain dimethyl acetal 

28 in 95% ee. This was then hydrolized to aldehyde 29, which was carried forward to lactone 30, 

a presumed precursor to arteannuin type molecules.  
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Scheme 6 - SAMP alkylation towards derivatives of 31 

Nicolaou completed the syntheses of the macrocycles epithilones A (35) and B (39),17 both 

involving early SAMP alkylations (Scheme 7). The synthesis of 35 involves the immediate 

alkylation of 19 with a protected butanol 32 to yield a chiral aldehyde 34 after ozonolysis of 33. 

This compound is taken forward to 35. The propanal derived hyrdrazone 19 is again alkylated in 

the synthesis of 39, however with a more complex electrophile 36. SAMP removal from thiazole 

37 was achieved by conversion to nitrile 38 due to the acid sensitivity of the silyl protecting 

group and ozone reactive olefin moieties of the molecule. The single diastereomer of 38 was 

taken forward to 39.  
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Scheme 7 - SAMP alkylations used in the syntheses of Epithilones A (35) and B (39) 

One of the most frequently used chiral auxiliaries in organic synthesis are the chiral 

oxazolidinones developed by Evans. The initial use of this method was in the attempt to develop 

a diastereoselective aldol reaction.18 In this study, an optically pure oxazolidinone was 

synthesised by treatment of (S)-valinol (40) with phosgene or diethyl carbonate (Scheme 8). 

Lithiation of 41 and quenching of the nitrogen anion with propionyl chloride gives imide 42. The 

imide enolate can be obtained by treatment with LDA or di-n-butylboryl 

trifluoromethanesulfonate and subjected to isobutyraldehyde to yield aldol product 43. The 
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product derived from the boron enolate was found to be almost exclusively a single diastereomer 

(>99%, as 43 is drawn) while the product of a lithium enolate was a various mixture of four 

possible diastereomers (10.6:11:71.4:7). Removal of the auxiliary, and recycling of 41, was done 

by hydrolysis of the carbon substituted carbonyl of the imide to obtain hydroxy methyl ester 44. 

 

  

Scheme 8 - Aldol product from a (S)-valinol derived imide 

A similar auxiliary was also synthesised as an enantiomeric alternative to 41, starting from (1S-

2R)-norephedrine (45), using an identical reaction sequence to obtain 47 (Scheme 9).18 Results of 

aldol reactions of 47 again only demonstrates good selectivity from the boron enolate, with less 

than 1% of threo (new chiral substituents anti to each other) isomers of 48 being observed. For 

practicality, the selectivity of products all further products in the article were only reported as 

diastereomeric ratios of the two possible erythro (new chiral substituents syn to each other). 

Quenching boron enolate of 47 yielded 48 in a >500:1 dr. In all cases, the auxiliary could be 

cleaved by treatment with sodium methoxide in methanol, yielding the methyl ester of the aldol 

products. Carboxylic acids could also be obtained by KOH hydrolysis with no observable 

racemization. 
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Scheme 9 - Aldol product from a norephedrine derived imide 

The Evans group further developed the oxazolidinone methodology by expanding to simple 

alkylation of the imide enolates.19 Reactions of the lithium (or sodium) enolates of 42 and 47 

with alkyl halides demonstrate much greater stereoselectivity than their analogous aldol reactions 

(Scheme 10). The stereoselectivity of the reactions appear to be dependant on the size of the 

alkyl halide electrophile, evident by the lower selectivity observed with methylation (89:11 and 

87:13 dr for 49d and 50d respectively) and ethylation  (88:12 dr for 50c) of the enolate as 

compared to alkylation with other electrophiles. 

 

 

Scheme 10 - Alkylation of chiral oxazolidinone imides 

In developing these alkylation reactions several non-destructive methods for auxiliary removal 

were also explored and are depicted in Scheme 11.19 Treatment of alkylated imide 49a with 
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lithium benzoate leads to auxiliary recovery and the benzyl ester of the alkylated product 51. 

Treatment of imide 49a with a strong reducing agents, such as lithium aluminum hydride or 

lithium borohydride, results in reduction to chiral primary alcohol 52. Hydroboration and 

oxidation of allyl substituted substrates provide a primary alcohol that readily cleaves the 

auxiliary by formation of ŭ-lactone 53, while ozonolysis of an allyl substrate followed by 

reduction of the resulting aldehyde analogously yields ɔ-lactone 54.  

 

 

Scheme 11 - Manipulation of oxazolidinone auxiliary  

Evansô chiral oxazolidinones have also been shown to stereoselectively substitute imide enolates 

with a variety of heteroatom electrophiles to further demonstrate its versatility.20 The selective 

hydroxylation21 of an enolate was observed to provide 57, however only via sodium enolate, by 

quenching with a sulphonyl oxiaziridine 56 (Scheme 12). Quenching of the potassium enolate of 
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58 with trisylazide provides a sulphonyl triazene that is degraded to azide 59 in-situ by acetic 

acid.22 

 

 

Scheme 12 - Stereoselective introduction of hetereoatoms directed by chiral oxazolidinones 

Chiral oxazolidinones have also found extensive use in total synthesis since their discovery.23 

One unique application of this methodology was the synthesis of fluorinated drug PNP405 (64), 

a purine nucleoside phosphorylase inhibitor, in which the first step involved a preparation of 

chiral imide 60 on nearly a two mole scale.24 This is followed by enolate formation on a similar 

scale which was quenched with bromoacetonitrile to give nitrile 61 followed by reductive 

cleavage of the oxazolidinone to yield primary alcohol 62 and oxazolidinone 63 (Scheme 13).  
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Scheme 13 - Synthesis of PNO405 (64)  

 Advances in the Metallinos group have lead to the discovery of a chiral auxiliary derived 

from L-proline, initially used for diastereoselective lithiation of planar-chiral ferrocenes.4,5 

Disubstituted ferrocenes can demonstrate planar chirality: asymmetry through a two dimensional 

plane. Like central chirality, two planar chiral enantiomers are non-superimposable mirror 

images of each other but do not require a chiral sp3 carbon.25 The substrate was prepared with 

absolute and relative stereocontrol by Ullman type coupling of iodoferrocene (65) and proline 

hydantoin 66 to give 67 (Scheme 14). After sequential hydrozirconation with Schwartzôs reagent 

and silylation of the zirconium alkoxide, syn-68 was obtained as the major isomer. Treating syn-

68 with t-BuLi followed by electrophile quench yielded a series of 1,2-disubstituted ferrocenes 

with >95:5 dr.4 The versatility of the new N based auxiliaries was demonstrated by K2CO3 

mediated desilyation in refluxing methanol, and reductive ring opening by NaBH4 treatment 

gave secondary ureas 70. Hydrolysis of 70 with aqueous base leads to the isolation of exclusively 

planar chiral amino ferrocenes 71. Stereoselectivity of the lithiation was confirmed by single 

crystal x-ray analysis of boronic acid 68d, as well as by comparison of the optical rotation of 71a 

to its known enantiomer (ent-71a).26  
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Scheme 14 - Synthesis of planar chiral amino ferrocenes 

To demonstrate the opposite selectivity, configurationally unstable hemiaminal 72 was isolated 

after hydrozirconation of 67, then deprotonated with n-BuLi and chlorotriethylsilane to give a 

1:1 mixture of syn and anti-68 that could be separated by column chromatography (Scheme 15).5 

Treatment of anti-68 with t-BuLi again yielded disubstituted ferrocenes 73a-c as single 

diastereomers. Elimination of the substituted compounds catalysed by TsOH gave a series of 

solely planar chiral ferrocenes 74a-c and ent-74a-c.  
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Scheme 15 - Synthesis of disubstituted ferrocenes and elimination products 

Comparison of imidazolones 74a-c with those of ent-74a-c, obtained by identical acid treatment 

of 69a-c, found their optical rotations to be nearly equal but opposite (Scheme 15), implying that 

they are enantiomers of each other. This data, along with the x-ray crystal structure of boronic 

acid 69d, can be used to as evidence that changing the relative stereochemistry of the bulky 

silyloxy group (syn-68 to anti-68) changes the selectivity of the substitution allowing for 

divergent synthesis of planar chiral ferrocenes with knowledge of absolute stereochemistry. The 

spatial configurations of syn and anti 68 contributing to selectivity were studied by NOE NMR 

spectroscopy and DFT calculations, both revealing bulky silyloxy avoiding the iron centre, 

directing the urea oxygen to one prochiral hydrogen of the cyclopentadienyl ring.5  

 A less common example of planar chirality is observed in arene chromium tricarbonyl 

complexes. Expanding on the reported ferrocene methodology,4,5 a modified N-phenyl version of 

the auxiliary was used to screen the lithiation of chromium complexes.7 Up to 100 grams of N-

phenyl proline hydantoin 75 was prepared by condensation of 9 with phenyl isocyanate. From 

hydrozirconation of 75, hemiaminal 76 was isolated and alkylated by TsOH in the presence of 

excess alcohol yielding a mixture of syn and anti-77 (Scheme 16). Both epimers were heated in 
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the presence of hexacarbonyl chromium, forming epimeric chromium complexes syn and anti-

78. 

 

 

Scheme 16 - {ȅƴǘƘŜǎƛǎ ƻŦ ŜǇƛƳŜǊƛŎ ʹс-arene chromium tricarbonyl complexes 

A variety of electrophiles was tested on the more abundantly synthesised anti-78 after 

deprotonation with t-BuLi (Scheme 17). All substituted substrates 81 were synthesised as single 

diastereomers, observed by NMR spectroscopy. Lithiation of syn-78 also gave disubstituted 

compounds 79 as single diastereomers.  
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Scheme 17 - Lithiation of chromium carbonyl complexes and planar chiral imidazolones 

Analogous to the ferrocene series, acid mediated elimination yields exclusively planar chiral 

imidazolones (Scheme 17). The optical rotation of elimination products 80a-b were observed to 

be nearly equal and opposite to those of ent-80a-b, indicating that opposite selectivity had been 

achieved. Absolute stereochemistry was confirmed by X-ray crystallography of sulfide 81b, 

showing that, as for the ferrocene cases, the hemiaminal ether group orientates away from the 

metal centre, with the urea carbonyl directing the lithiation reaction.  

During the Metallinos groupôs efforts to utilize chiral products derived from 

imidazloidinone auxiliaries, it was discovered that when subjected to acidic conditions, alcohol 

69e underwent cyclization displacing the protonated silyloxy group rather than undergoing 

elimination (Scheme 18).  
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Scheme 18: Synthesis of cyclic ferrocenyl urea 82 

 Tetracyclic 82 could be reduced to aminal 83 which could be oxidized and treated with base and 

metal to obtain iridium NHC complex 84.6 This chiral complex is displaced with triphenyl 

phosphine to obtain the cationic 85 (Scheme 19), which was used in the asymmetric 

hydrogenation of quinolines with up to 90:10 er. An analogous complex was also synthesised by 

starting from N-phenyl hydantoin derived alcohol 86 (Scheme 19).  
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Scheme 19 - Synthesis of chiral iridium complexes derived from ferrocenyl and phenyl auxiliaries, respectively 

Another breakthrough in the use of pyrroloimidazolone chiral auxiliaries was incorporation of 

the N-benzyl moiety. Benzyl lithiation of said substrates gave the first example of stereoselective 

functionalization of an sp3 centre using these types of auxiliaries.8 The preparation of N-benzyl 

proline hydantoin 90 was achieved by deprotonation of 66 with NaH followed by treatment with 

benzyl chloride (Scheme 20). Hydrozirconation and sequential silylation of 90 yielded 91, which 

was subjected to deprotonation by n-BuLi and electrophile quench under optimized conditions.  
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Scheme 20 - Synthesis of N-benzyl substrates and their stereoselective lithiation 

Unlike previous examples, the scope of benzyl substituted products 92 were obtained as a 

mixture of diastereomers up to a 91:9 dr.4 Recrystallization of tertiary alcohol 92a allowed for 

the characterization of the major diastereomer, which was determined to be of R configuration at 

the benzylic carbon, anti relative to the other two stereocentres, by x-ray crystallography. 

Treatment of stannanes 92b and 92c with lithiation conditions followed by electrophile quench 

gave products 92a, 92d and 92e (Scheme 21), identical to those obtained by deprotonation of 91. 

These transmetallation experiments show that stannanes 92b and 92c have the same relative 

stereochemistry as 92a, 92d and 92e. Knowing the absolute stereochemistry of 84a, coupled with 

these observations allows absolute stereochemical assignment of all products.  

 

 

Scheme 21 - Transmetallation studies of stananes 
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Work towards an NHC ligand derived from N-benzyl hydantoin were reported by our group 

previously, showing that attempts to reduce tetracyclic urea 93 leads to the desired urea 

reduction but also cleaves the hemiaminal ether to give alcohol 95 rather than tricyclic 94 

(Scheme 22).  

 

 

Scheme 22 - Cyclization and reductive ring opening of N-benzyl derived substrate 

1.2 Birch Reduction 

The dissolving metal reduction of aromatic compounds was discovered by Arthur Birch in 1944. 

The seminal publication describes the synthesis of cyclohexadienes from benzene derivatives in 

the presence of lithium, sodium or potassium metal dissolved in liquid ammonia.27 The reaction 

proceeds by the solvated electron of a group 1 metal adding to an aromatic ring forming a radical 

anion. This is then protonated to give a neutral radical, transformed to a carbanion by single 

electron transfer from another metal and finally protonated to obtain the reduced species. 

    

 

Figure 1 - Mechanism of the Birch reduction on benzene 
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Since its discovery, the Birch reduction has become a staple of organic synthesis28 with an 

expansive methodology that continues to be explored. A key development in this field was the 

Birch reduction of heteroaromatic compounds. The dissolving metal reaction was shown to 

partially reduce heteroaromatics such as pyrroles,29 furans30 and thiophenes (Scheme 23).31  

 

 

Scheme 23 - General outcome of the Birch reduction of various heterocycles 

The Birch reduction has also been utilized in the synthesis of complex molecules quite 

extensively. The ability to reduce aromatic compounds allowed for the rapid incorporation of 

complexity into a six-membered ring. Starting with simple, commercially available molecules, 

the Birch reduction was used as the initial reaction to dearomatize benzoic acid (102) for the 

synthesis of reserpine (104),32 and methoxysuberone (105) for the synthesis of aphidicolin 

(107)33 (Scheme 24).  
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Scheme 24 - Birch reduction steps in the syntheses of reserpine and aphidicolin 

Three recent syntheses of herquline C (110) have featured the use of at least one Birch reduction 

to achieve one of, or both partially saturated six-membered rings. Baran relies on two Birch 

reductions,34 each on a methoxy benzene moiety and each followed by acid hydrolysis, the last 

of which being the final step to 110 (Scheme 25). While Baranôs final reduction of 115 is quite 

standard, using tert-butanol as a proton source, the initial Birch reduction of 113 required 

extensive optimization and obtained the best results from using trifluoroethanol as a proton 

source.34 Woodôs synthesis35 saturated the first aromatic ring by oxidative dearomatization. The 

second aromatic ring was reduced with similar conditions to Baron, utilizing trifluoroethanol as a 

source of protons to obtain 112 (Scheme 25).  



23 
 

 

Scheme 25 - Birch reduction steps from total syntheses of Herquline C (110) 

 The remaining synthesis was conducted by the Schindler group36 and like Wood, relies on 

alternative dearomatization of one ring in early steps. Schindlerôs synthesis differs from the 

others significantly, with Birch substrate 108 bearing a free alcohol as opposed to Wood and 

Baronôs enol ether 111 and protected ketone 115 respectively. The hydroxyl group of 108 serves 

as an intramolecular source of protons for the Birch reduction, increasing the rate of the reaction 

without the need for an external proton source and improving atom economy (Scheme 25).  

1.2.1 Reductive Alkylation 

Birch established early on that treatment of a benzoic acid derivative with group one metals in 

liquid ammonia can be treated with an alkylating agent like methyl iodide to acquire alpha 
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substituted dihydrobenzoic acids.37 This methodology was expanded upon in the synthesis of 

cycloheptatrienes38 and later for the racemic synthesis of gibberellic acid analogs via 

cyclohexadiene 118 (Scheme 26).39  

 

 

Scheme 26 - Racemic preparation of alkylated cyclohexadienes for synthetic intermediates and expansion of methodology 

It was later established that alkylative reduction of aromatic ethers were possible in the presence 

of ortho methoxy substitution as in 119 (Scheme 26).40 Schultz, who discovered the 

stereoselective alkylative Birch reduction previously, also demonstrated that alkylation could 

occur alpha to nitriles transforming 122 to 123 (Scheme 26).41 

The alkylative Birch reduction was a major accomplishment in organic synthesis, but 

most of the methodology generates a new chiral centre in racemic fashion. This problem was 

solved by Shultz, who developed chiral benzamide derivatives to synthesise optically pure 

cyclohexadienes that could be transformed into chiral cyclohexanes and a variety of target 

functionalities and natural products.42,43 Initially, 2-hydroxy benzoic acid 124 was treated with 

10 to obtain the chiral benzamide 125.44 The benzamide was subjected to Mitsunobu conditions 

to reach the tricyclic substrate 126 (Scheme 27).  
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Scheme 27 - Synthesis of tricyclic substrate for asymmetric Birch reduction 

Birch reduction of 126 was carried out with t-butanol and either lithium, sodium or potassium. 

The resulting metal enolate was trapped with a small range of alkyl halides generating 

cyclohexadienes 127a-d (Scheme 27). Methylated product 127a was synthesised as an 85:15 dr 

mixture that remained constant throughout screening of metals. 127b-d were all formed as single 

diastereomers due to the increased steric bulk compared to methyl iodide, however 

stereoselectivity was found to be independent of the metal used in this study. The absolute 

configuration of alkylated products was tentatively assigned by NOE experiments as shown in 

depiction of 127a-d. The stereoselectivity of 127d was confirmed by conversion to 131 by a 

four-step process (Scheme 28), the last of which allows recovery of 10, satisfying recyclability. 

Comparison of 131 with racemic standard by chiral shift 1H NMR studies established that it was 

a single stereoisomer.  

 

 

Scheme 28 - Synthesis of known compound 131 for stereoselectivity determination 
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A later study by Schultz examined different effects on the stereoselectivity of the reaction under 

modifications to substrates.45 It was found that using a ortho-methoxy benzamide 132 in the 

Birch reduction, gave rise to an opposite stereoselectivity than the tricyclic and ortho-alkyl 

benzamides 134 (Scheme 29).  

 

 

Scheme 29 - Reductive alkylation of ortho-alkoxy and ortho-alkyl benzamides yielding opposite stereoselectivity 

This is thought to be due to a difference in enolate intermediates, likely from coordination of the 

metal to the extra oxygen present in the ortho-methoxy cases. Selectivity in all cases was 

independent of varying alkoxy groups bound to the pyrrolodine ring. To test the effects of 

different ortho-alkyl groups, another set of experiments by Schultz was conducted.46 Starting 

with a methyl group ortho to the benzamide, directed benzyl metalation with s-BuLi and quench 

with electrophile gave access to a series of ortho-alkyl benzamides 136a-j  (Scheme 30).  

While all modified ortho groups did provide relatively good stereoselectivity in dihydrobenzenes 

137a-j , there are notable differences from substrate to substrate. It appears that larger alkyl 
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groups give improved selectivity in the enolate alkylations demonstrated by 137h giving the 

highest dr.  

 

Scheme 30 - Synthesis of ortho-modified chiral benzamides for reductive alkylation 

Soon after Schultz described the initial methodology of reductive alkylation, his 

laboratory set to applying it to the asymmetric synthesis of natural products. An early example 

by Schultz was the synthesis of (-)-longifolene 139.47 This was accomplished by reductive 

alkylation of cyclic benzamide 126, quenching the enolate with a larger electrophile, bearing a 

dimethyl acetal, thus further improving the scope of the reaction (Scheme 31). Acid hydrolysis of 

the enol ether followed by several other transformations yields the optically active target 

molecule.  

 

Scheme 31 - Reductive alkylation en route to (-)-longifolene (139) 

Utilizing the opposite stereoselectivity induced by 132, the first synthesis of the unnatural 

enantiomer, (+)-lycorine (144) and its derivative (+)-1-deoxylycorine (143) was achieved.48,49 
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This required the reductive alkylation of 132 with 2-bromoethyl acetate and in-situ deacylation 

to reach alcohol 140. This is then converted to azide 141, again demonstrating the versatility of 

electrophile scope and robustness of the amino acid-derived auxiliary (Scheme 32).  

 

 

Scheme 32 - Reductive alkylation in the synthesis of (+)-deoxylycorine (63) and (+)-lycorine (64) 

Stereoselective alkylation of a Birch enolate requires an ortho substituent as well as a chiral 

auxiliary. Early experiments by Schultz used alkyl or alkoxy substituents as they could be 

worked into the synthetic target or easily be manipulated. Alkylative reduction of ortho-

trimethylsilyl benzamide 145 (Scheme 33) with ethyl iodide gives the cyclohexadiene 146 as a 

single stereoisomer.50  




















































































