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Abstract 
This review focuses on the introduction and early development, in solution, of phase-transfer 
catalyzed (PTC) reactions to afford racemic or enantioenriched natural and unnatural amino 
acids. To form monosubstituted amino acids alkylation reactions are performed on the 
benzophenone Schiff base of glycine. For α,α-disubstituted amino acids the activated 
intermediate is an aldimine derivative of the monosubstituted amino acid. Enantioenriched 
products are produced by organocatalysis using derivatives of Cinchona alkaloids as the phase-
transfer catalyst.  Selectivity for monoalkylatation and lack of product racemization depend on 
the acidities of the glycine imines, and dialkylated products are formed from aldimine esters of 
monoalkyl amino acids.  The racemic and catalytic enantioselective reactions of a cationic 
glycine equivalent with organoboranes, organometallics and malonate anion are discussed as are 
other reactions of these versatile Schiff bases derivatives. 
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1.  Introduction  

 
The biochemical and medicinal importance of amino acids, the “building blocks of life,” 

and the consequent need for new methods for the asymmetric synthesis and utilization of both 
natural and unnatural α-amino acids1,2 cannot be overstated.  The 20 proteinogenic α-amino 
acids have diverse physical properties governed by the structure and nature of their side chains:  
polar (hydrophilic) vs. nonpolar (hydrophobic); neutral, acidic or basic; aromatic vs. 
nonaromatic; essential vs. nonessential; achiral vs. chiral.  The chirality of “natural” amino acids 
and their stereoisomers is identified either by the classical terms L (natural), D (unnatural) or 
D,L (racemic) or by the Cahn-Ingold-Prelog (CIP) sequence rules where 19 of the 20 have the S 
absolute configuration while cysteine contains an R stereogenic center.  These 20 amino acids 
are the monomers used by living systems for the construction of all peptides and proteins.  The 
20 varied side chains in these amino acids impart unique 3-dimensional and functional properties 
to the peptide/protein depending on their placement in the polymer sequence. 

Three examples demonstrate a range of biologically important natural compounds that 
contain amino acids or their metabolites:  penicillin (from microbes), an antibiotic mimicking 
with a bicyclic structure the D-Ala-D-Ala dipeptide motif present in a key intermediate in 
bacterial cell wall synthesis; insulin, a two chain, 51 amino acid peptide regulating glucose 
metabolism; and hemoglobin, a large tetrameric protein in which a single replacement of 
glutamic acid by valine is responsible for sickle cell anemia.  In addition, amino acids are the 
biochemical precursors for many hormones, neurotransmitters and other metabolites in humans, 
and innumerable natural products occurring in plants, animals and microbes.3,4 

The asymmetric synthesis of amino acids and their analogs has been the focus of 
numerous studies over the past forty years. Examples of earlier classical methods for the 
synthesis of racemic α-amino acids (bond formed to the α-carbon) include:  Cα-Cβ, alkylation of 
ethyl acetamidomalonate (vide infra); Cα-H, hydrogenation of various amino acid precursors; 
Cα-CO2H, Strecker reaction of iminium ions from aldehydes and NaCN/NH4Cl then hydrolysis, 
(facile route to arylglycines); and Cα-NH2, amination of α-haloesters.  More recently, each of 
these bond constructions, in addition to the chiral protonation of amino acid enolates, has been 
employed to prepare optically active α-amino acids by asymmetric synthesis.1 

The nitrogen to carbon to carbonyl (N-Cα-C=O) motif of amino acids is present in many 
pharmaceuticals and other products:  DOPA (Levodopa, L-3,4-Dihydroxyphenylalanine), 
Parkinson’s disease; Plavix (Clopidogrel), platelet inhibitor; Valium (Diazapam), antianxiety; 
Enalapril (Vasotec), antihypertensive; Thyroxine (Levothyroxine), thyroid hormone; Humalog 
(Insulin Lispro), regulates glucose metabolism; Prilocaine (Citanest), local anesthetic; and 
Nutrasweet (Aspartame, Asp-PheOMe), artificial sweetener. 

In addition to their importance in the chemical synthesis of amino  acids and other 
molecules (vide infra), the imine functionality plays a key role in biochemistry.  The 
imines/iminium ions formed between pyridoxal-5’-phosphate and various enzymes are involved 
in numerous biochemical reactions: racemization, decarboxylation, transamination, α-cleavage, 
β-elimination, β-replacement, γ-elimination and γ-replacement.5 

This review focuses on the introduction and development, in solution, of phase-transfer 
catalyzed (PTC) reactions to afford racemic or enantioenriched natural and unnatural amino 
acids using the imines (Schiff bases) of glycine and other amino acids.  The construction of the 
Cα-Cβ bond by asymmetric organocatalysis or metal-catalyzed reactions of anionic and cationic 
glycine equivalents (2-azaallyl anions and 2-azaallyl cations)6 and various additional 
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transformations of these substrates will be discussed.  The extension of this methodology for 
industrial large-scale syntheses will also be covered.   

A review of the main synthetic equivalents for the simplest amino acid, glycine, will 
highlight the history of this field.  The focus of this article is a review of the solution-phase 
methodology involving Schiff base derivatives of glycine developed in the O’Donnell lab since 
our first publications in 1978.7,8

  Relevant reviews by the author:  
α-Amino Acid Synthesis.9a 
Asymmetric Phase-Transfer Reactions.9b  
Ethyl N-(Diphenylmethylene)glycinate.9c  
Ethyl N-(Diphenylmethylene)-2-acetoxyglycinate.9d 
N-(Diphenylmethylene)aminoacetonitrile.9e  
Benzophenone Imine.9f 
Diethyl Acetamidomalonate.9g  
A New Interfacial Mechanism for Asymmetric Alkylation by Phase Transfer Catalysis.9h 
Amino Acid and Peptide Synthesis Using Phase Transfer Catalysis.9i  
Asymmetric Phase-Transfer Reactions.9j 
The Preparation of Optically Active α-Amino Acids from the Benzophenone Imines of 
Glycine Derivatives.9k 
The Enantioselective Synthesis of α-Amino Acids by Phase-Transfer Catalysis with Achiral 
Schiff Base Esters.9l 
O’Donnell Amino Acid Synthesis.9m  
O’Donnell Amino Acid Synthesis.9n 

 
 
2.  Protected glycine equivalents for amino acid synthesis 1903-1985 
 

For the first seventy years of the last century, the classical chemical synthesis of the α-
amino acids was the method reported by Sörensen in 1903, which involved deprotonation of 
diethyl acetamidomalonate (1, Figure 1)9g,10 followed by alkylation, hydrolysis and in situ 
decarboxylation (Na, EtOH; RX; H+) to add a new side-chain R to glycine to give racemic amino 
acids derivatives.   
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Figure 1.  Glycine Anion Equivalents and a Glycine Cation Equivalent. 
 
Chemistry of carbon-nitrogen double bond formation (imines or Schiff bases) dates to 

1864 when Hugo Schiff in Pisa reported their first synthesis.11   
In 1976 Yamada alkylated the chiral Schiff base of glycine 2, which contains the built-in 

chiral auxiliary derived from the natural product α-pinene, to produce optically active amino 
acid products.12  In 1983 Belokon’ introduced the glycine imine equivalent into a chiral metal 
complex of general structure 3, which, on deprotonation and alkylation, gave a variety of 
optically active products.13  More recently this methodology has been extended by Soloshonok 
et. al.14 
 Other early reports of amino acid syntheses involving starting materials containing a 
carbon-nitrogen double bond include isocyano acetates (Schöllkopf15a Matsumoto15b), oxazol-5-
ones/azlactones (Steglich15c), α-[bis(alkylthio)methyleneamino] acid esters (Hoppe15d), and 
amidino esters (Gschwend15e). 
 In 1976 the Stork group reported alkylation and Michael addition of the achiral aldimine 
of glycine ethyl ester (4a) with strong base under anhydrous conditions at low temperature 
(LDA, anhydrous THF, -78 °C, RX) to obtain good yields of racemic amino acids.16 
 Our efforts in the field began with two 1978 publications that used, as the glycine anion 
equivalent, the benzophenone imine of glycine ethyl ester (5a)7,9c or acetonitrile (6a).8,9e  Room 
temperature alkylation of 5a or 6a using phase-transfer methods under basic conditions 
introduced a promising new method for the alkylation to form racemic amino acids.  The 
“glycine cation equivalent” (7a) that inverts the polarity of the glycine moiety and allows 
reactions with a variety of neutral or charged nucleophiles, was introduced in 1985.9d,17  The 
stereoselective synthesis of amino acids from a glycine anion equivalent 5 was reported in 
1989.18  These and a number of other synthetic transformations of the benzophenone imines and 
aldehyde imines from glycine amino esters will be described in the following pages.       
   
3.  Preparation of Schiff bases of amino acid and dipeptide esters 
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Synthesis of the starting benzophenone imines of glycine ethyl ester (5a)7,9c or 
acetonitrile (6a)8,9e and other amino acid esters was accomplished by condensation of glycine 
ethyl ester (8) (released from its hydrochloride salt prior to reaction) or aminoacetonitrile (9) 
with benzophenone imine in refluxing xylene in the presence of freshly distilled boron trifluoride 
etherate (Scheme 1A).7  The crude reaction mixture was flame-distilled under vacuum and then 
recrystallized. Starting materials 5 and 6a are stable for extended periods when stored at room 
temperature under argon.  In contrast, the aldimine (PhCH=NCH2CO2Et, 4a) is stable in the 
freezer for several months.16 

 

 
 

Scheme 1.  Preparation of Schiff Bases of Amino Acids and Dipeptide Esters. 
 
 Fortunately, a milder, more efficient and easier synthesis of these Schiff bases involves 
the transimination of benzophenone imine with the hydrochloride salts of glycine, mono-
substituted amino acid esters, aminoacetonitrile or dipeptide esters in methylene chloride at room 
temperature for 24 h followed by recrystallization to give products 12a-g (Scheme 1B).19  The 
Schiff base 13a, derived from an α,α-disubstituted amino ester (R1 = R2 = Me, α-
aminoisobutyric acid, Aib) was prepared in refluxing 1,2-dichloroethane and the crude product 
was purified by chromatography.  The dipeptide ester Schiff bases (14a and 15a) from Gly-Gly-
OMe and Gly-GABA-OMe (GABA = γ-aminobutyric acid) were also prepared in excellent 
yields. 

The stereochemical outcome from product hydrolysis of an optically active Schiff base 
ester 12b (R1=PhCH2) under reaction conditions was studied starting from commercially 
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available L-phenylalanine.19  The ethyl ester hydrochloride of (S)-Phe was prepared by standard 
methods follow by transimination with benzophenone imine to yield (S)-12b (R1 = PhCH2, R

2 = 
Et).  Hydrolysis of this product gave either:  

(a) the amino ester salt {(1N HCl/ether, 0 oC to ambient temperature, overnight) to yield (S)-
phenylalanine ethyl ester•HCl: {[α]25

D +35.6o ± 0.5o, average of three readings, (c 2, EtOH); 
lit. [α]20

D +33.5o (EtOH)} or  
(b) the amino acid (S)-phenylalanine: (6N HCl, reflux under argon, 6h) to give (S)-
phenylalanine•HCl {[α]25

D -6.3o ± 0.4o, average of three readings, (c 2, 1N HCl); lit. [α]25
D -

4.47o (c 1-2, 5N HCl); lit. [α]25
D -7.4o (5N HCl)}.   

Thus, the hydrolyses of the benzophenone imine of (S)-phenylalanine ethyl ester, occurs 
with retention of configuration to give either (S)-phenylalanine hydrochloride or (S)-
phenylalanine.19  

To date, the benzophenone imines of either glycine ethyl ester (5a) or, in the case of 
stereoselective syntheses, glycine t-butyl ester (5c) have been the most popular of these starting 
materials (vide infra). 
 
4.  Phase-transfer alkylations of the Schiff base esters of glycine and aminoacetonitrile 
 
 The alkylation of the benzophenone imine of glycine ethyl ester (5a) can be 
accomplished in good yield using strong base under anhydrous conditions (LDA, HMPA, THF,  
-78 °C).7  However, a milder procedure was developed using the phase-transfer technique of ion-
pair extraction (IPE) developed by Brändström,20 which uses a full equivalent of the phase-
transfer reagent.  Since the ethyl ester would be saponified under the normal phase-transfer 
conditions employed at the time (50% NaOH), IPE, which uses milder base (10% NaOH) 
together with tetrabutylammonium hydrogen sulfate was an ideal solution that led to good to 
excellent yields of 12h-k,12b (Scheme 2A).7  

 

 
 
Scheme 2.  Alkylations by Ion-Pair Extraction and Phase-Transfer Catalysis. 
  

Phase-transfer catalysis (PTC, Scheme 2B) was developed as a practical synthetic 
procedure by Makosza,21 Dehmlow,22 Starks23 and others.24  The first PTC alkylation of 
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protected amino acid substrates was accomplished using the benzophenone imine of 
aminoacetonitrile (6a), which is stable to 50% NaOH, with a catalytic amount of TEBA 
(triethylbenzylammonium chloride) in toluene at 0 °C (Scheme 2B).  Chemical yields and 
alkylating agents for the  procedures to prepare products 12 and 16 are compared (Scheme 2).7,8 

In many cases, especially with expensive catalysts, procedures that use a catalytic amount 
of a reagent are preferable to those that involve a full equivalent of a phase-transfer reagent. 
However, IPE can offer several advantages: cost of the tetraalkylammonium salt for racemic 
synthesis, ease of operation and use of more reactive alkyl halides in IPE (iodides with IPE vs. 
bromides or chlorides with PTC, since iodides poison the catalyst).  The lipophilicity of alkyl 
iodides is responsible for this catalyst poisoning because the product quaternary iodides are 
extracted into the organic phase and are not readily available at the interface for catalyst 
recycling.20-24 
 
5.  Large-scale synthesis by ion-pair extraction 
 
 In a collaboration with the late Jim McCarthy and Master’s student Charlotte Barney, 
then at Merrell Dow in Indianapolis, the practicality of ion-pair extraction was demonstrated by 
the large scale reaction of 5d (57 g, 0.17 mole) with PhCHBrF to give the racemic erythro- and 
threo-3-fluorophenylalanine diastereomers (t-17 and e-17) (Scheme 3).25  Since the achiral 
quaternary ammonium salt (nBu4NHSO4) is relatively inexpensive, use of a full equivalent was 
not problematic.  The procedure involved a simple reaction setup and procedure and the mild 
basic (10% NaOH) avoided hydrolysis of the benzyl ester, thus allowing isolation of either of the 
amino ester diastereomers.  Amino acid e-17a was prepared by ester deprotection with 
trimethylsilyl iodide followed by mild acid hydrolysis and isolation.26   

Note: A “large scale” reaction means different things to different people and will be used 
in its loosest terms (15 g to ≥1.8 kg starting material) by this “discovery chemist”!     
 

 
 
Scheme 3.  Large-Scale Synthesis of 3-Fluorophenylalanine Diastereomers by Ion-Pair 
Extraction. 
 
6.  Difluorocarbene aziridination of an imine by ion-pair extraction 
 
 In a continuation of the McCarthy collaboration, 5a was reacted with difluorocarbene under 
ion-pair extraction conditions to give the N-difluoromethyl aziridine 18 (Scheme 4).27,28  
Structure 18 was confirmed by X-Ray.  Overall this transformation involves construction of both 
a new carbon-carbon bond and the exocyclic carbon-nitrogen bond.  The mechanism of the 
reaction is believed to involve the final intermediacy of an azomethine ylide, which forms the 
carbon-carbon bond between an ποισον-carbon anion and the original imine carbon.    
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Scheme 4.  New Pathway for the Reaction of a Difluorocarbene with Imines. 
 
 
7.  Monoalkylation: Ketimine (IPE) vs. aldimine (PTC) glycine ethyl esters 
 
 In collaboration with the Ghosez group,29 a head-to-head comparison of monoalkylation 
of ketimine 5a (Scheme 5A) and aldimine 4b (Scheme 5B) was carried out with various alkyl 
halides by either the ion-pair extraction procedure (5A, full equivalent of QX) (Scheme 5A)7,20 
or two catalytic phase-transfer (liquid-liquid or solid-liquid) methods (5A, 1 equiv. QX; 5B, 10% 
QX) (Scheme 5B). 8,21-24  The Schiff base 4b from 4-chlorobenzaldehyde and glycine ethyl ester 
was chosen over the Schiff base of benzaldehyde and glycine ethyl ester (4a) because the former 
is crystalline.   
 

 
 
Scheme 5.  Monoalkylation of Ketimine and Aldimine Schiff Bases Under Various PTC 
Conditions. 
 
 The ion-pair extractive alkylation of 5a resulted in good to excellent yields of both active 
(benzylic, 91-94%, allylic, 76%) and less reactive alkyl (EtI, 76%) halides except when an alkyl 
iodide (nOctBr) was used.  When comparing the liquid-liquid and solid-liquid PTC procedures 
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for 5a and 4b, overall the ketimine 5a gave better results (ArCH2Cl, 80-86%; RI(Br), 33-74%) 
than the aldimine 4b (71-73% ArCH2Br; RI, 18-47%) and the catalyst-poisoning effect with 
alkyl iodides was noted in both series. 
 

8.  Dialkylation of aldimines as a route to αααα,αααα-dialkyl amino acids 
 
 Extension of the monoalkylation PTC route to a dialkylation procedure led to α,α-dialkyl 
amino acids and their derivatives.  The targets for this study were the α-methyl derivatives of 
three biologically important amino acids: tyrosine (Tyr), m-Tyrosine (m-Tyr) and 3,4-
dihydroxyphenylalanine (DOPA).  Two routes (Scheme 6) were envisioned: benzylations of the 
Schiff base ethyl ester of alanine (19c) (Route A) or methylation of the benzylic aldimine ester of 
tyrosine analogs with phenolic protection (19d-f) (Route B).30    

The O-benzyl protected tyrosine 19d was prepared by condensation of p-
chlorobenzaldehyde with Tyr-OEt•HCl (Et3N, CH2Cl2, MgSO4) and then the phenol was 
protected (PhCH2Br, K2CO3, acetone).  Application of this procedure for preparation of the 
DOPA analog resulted in isolation of the tetrahydroisoquinoline 21 by a Pictet-Spengler 
cyclization of the initially formed imine 20.  This undesired result was prevented by using the 
sterically demanding aldehyde, mesitaldehyde, to form starting material 19f, which was 
converted to the product 11c (R1 = R2 = Bn) by methylation in 55% yield.   

 

 
 

Scheme 6.  Dialkylation of the 4-Chlorophenyl Schiff Base of Amino Esters. 
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The remaining alkylations were carried out as described above.  Yields are for the amino 
ester hydrochloride salt products (11a-c) by either the benzylation or methylation routes (because 
of the expense of m-Tyr, product 11b was not pursued by methylation).  These products were 
subjected to deprotection and hydrolysis to give the final dialkylamino acid products in 47-54% 
overall yield from their parent amino acids.   
 
 
9.  Synthesis of αααα-methyl histidine by two complementary routes  
 
 Construction of α-methylhistidine (24a) was also accomplished by the benzylation and 
methylation routes (Scheme 7).31  Starting material 19g was prepared in a one-pot procedure 
from histidine methyl ester dihydrochloride by condensation of the free amino ester (generated in 
situ) with 4-chlorobenzaldhyde followed by protection of the imidazole nitrogen with tosyl 
chloride/triethylamine (83%). 
 The solid-liquid PTC alkylations (Routes 7A and 7B) used powdered KOH in acetonitrile 
with catalytic tetrabutylammonium bromide at 5 °C with inverse addition (Schiff base ester 
added last).  The reaction was monitored by HPLC for the disappearance of starting material (30-
60 min).  Following an aqueous workup, the crude products (23a, 47% and 23b, 70%) were 
hydrolyzed (1N HCl, RT; 6N HCl, reflux) to yield α-methylhistidine•2HCl (24a, 27-47%, 
respectively).   

 

 
 
Scheme 7.  Preparation of α-Methyl Histidine using PTC Dialkylations. 
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10.  PTC mono- or dialkylation with potassium carbonate  
 
 Monoalkylation of the benzophenone imine of glycine ethyl ester (5a) with active and 
less reactive alkyl halides in refluxing acetonitrile in the presence of potassium carbonate occurs 
in good yield to give 12.  Both mono- and subsequent dialkylation of the aldimine esters (4b or 
19c) occur at room temperature with the same base in dichloromethane to yield products 19a,h,i 
or 23c,d (Scheme 8).32  
 

 
 
Scheme 8.  Mono- and Dialkylation with Potassium Carbonate. 
 
11.  Intra- and intermolecular PTC dialkylations of a glycine equivalent 
 

Each of the three amino acids shown below: 1-aminocyclopropane-1-carboxylic acid, 
ACC (24b);33 cycloleucine (24c) and 2,6-diaminopimelic acid, DAP (25) is of considerable 
biological interest (Scheme 9).34  Structurally each can be viewed as a dialkylated amino acid.  
ACC and cycloleucine are formed by an intermolecular followed by a intramolecular ring 
closure alkylation at the α-carbon of glycine with either 1,2-dibromoethane or 1,4-
dibromobutane.  Since the electrophile, 1,3-dibromopropane, would form a strained, disfavored 
four-membered ring in an analogous reaction, it underwent a dialkylation by reaction with two 
equivalents of 6 to attach an amino acid at each end of the three carbon tether and give DAP. 
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Scheme 9.  Intra- and Intermolecular Dialkylations. 
 
 The three products were prepared using the two-phase PTC procedure shown with only 
the stoichiometry of the starting Schiff base 6a varied.  The alkylation was followed by the 
typical two-step hydrolysis to yield the target amino acids. 

Schiff base nitrile 6a was also alkylated with 1,2-dibromoethane (Bu4N+Br-, K2CO3 
(finely ground technical grade), CH3CN, reflux, 12 h) under solid-liquid conditions to give the 
Schiff base nitrile of ACC (75%).  However, a mixture of products was obtained when these 
solid-liquid reaction conditions were attempted to prepare the corresponding products for 
cycloleucine (24c) or DAP (25).  
 
12.  Acidities (pKa) of imine derivatives of glycine: Insights into alkylations  
 The benzophenone imine of glycine ethyl ester is selectively monoalkylated using 
various basic two-phase systems (5a to 12, Scheme 10).  In contrast and with the exception of 
select intramolecular dialkylations (Scheme 9), the dialkylation of these substrates does not 
occur under typical PTC conditions with the benzophenone imines of amino acid esters.  The 
acidities in the two systems (5a vs. 12) are responsible for this dichotomy.  The Schiff base ester 
of glycine (5a) is 104 more acidic than its monoalkylated derivative (12).  Thus, provided a 
“mild” basic system is used, 5a will be selectively deprotonated to 12 without further 
deprotonation leading to 13 (vide infra).35    
 

 
 
Scheme 10.  Selective Monoalkylation of the Benzophenone Imines of Glycine Ethyl Ester. 
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Dialkylation from the monoalkylated products is possible by using the aldimines of 
monosubstituted amino acid esters (previous Schemes 6-8).  Alternatively, dialkylation could be 
accomplished by employing stronger bases in conjunction with anhydrous conditions at low 
temperature.   

The acidities (pKa, DMSO) for these Schiff base (ketimine vs. aldimine) amino acid 
ethyl esters was determined in collaboration with F. G. Bordwell (Figure 2).35a  Somewhat 
surprisingly, the acidities of members of this table span 4.5 pKa units.  Tables of pKa values of a 
variety of structural classes from the Evans and Reich groups are informative.36   
  

 

 
Figure 2.  Acidities (pKa, DMSO) of Benzophenone- and 4-Chlorobenzaldehyde Imines of 
Glycine Ethyl Ester and Monoalkylated Amino Acid Esters.  
 
 Comparison of the column and row pairs in this figure is instructive.  The acidity of the 
parent glycine derivatives (5a, pKa=18.7 and 4b, pKa=18.8) are essentially the same.  
Comparing the 4-Cl-benzaldehye Schiff base (4b) with the unsubstituted benzaldehyde 
derivative [4a, PhCH=NCH2CO2Et16 (pKa=19.5)] demonstrates that the 4-chloro derivative is 
approximately eight times more acidic than its unsubstituted parent.35a 
 The difference in acidity between starting imine and monoalkylated imine in the ketimine 
series is striking.  There a substantial acid weakening effect (4.1 pKa units) in going from 5a 
(pKa=18.7) to its  monomethylated derivative 12a (pKa=22.8).  While this large acid-weakening 
effect is observed in the ketimine series, in the aldimine series the difference in acidity between 
the starting material (4b, pKa=18.8) and its monomethyl derivative (19c, pKa=19.2) is quite 
small.  Similar results occur in the ketimine benzylated series 5a (pKa=18.7) and 12b 
(pKa=23.2) vs. the aldimine one 4b (pKa=18.8) and 19j (pKa=19.0).35a  
 The reason for the substantial acid weakening effect in going from the ketimine ester of 
glycine ethyl ester (5a) to its monoalkylated (12a or 12b) or monoarylated (12c) products is 
primarily steric in nature.  The imine phenyl group cis to the alkyl substituent in these three 
products (12a-c) is forced out of planarity with the trans phenyl - by the methyl, benzyl or phenyl 
groups, respectively, by allylic (1,3)-strain.37  This decreases resonance delocalization in their 2-
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azaallyl anions6 and, consequently, increases their pKa’s (decreases their acidities).  In the 
aldimine series (19c, 19j and 19k), such strain is not present because of the small imine 
hydrogen.35a 
 The phenylglycine Schiff bases 12c and 19k are of further interest.  Normally 
introduction of an α-phenyl group is, in the absence of steric crowding, acid strengthening 
[PhCH2CN, pKa 21.9 vs. Ph2CHCN, pKa 17.5; ∆pKa=4.4].  The 4 pKa units difference between 
the ketimine 12c (pKa 21.2) and its more acidic aldimine 19k (pKa=17.2) substantiates the 
allylic (1,3)-strain crowding of the cis-phenyls in 12c, which is absent in 19k for a phenylation 
reaction (see later Scheme 12).35a   
 In summary, it is possible to (a) monoalkylate/monophenylate the benzophenone imine of 
glycine esters 5a to obtain products 12a-c, without concomitant dialkylation and (b) there is a 
second crucial feature accompanying the selective monoalkylation of ketimine 5a.  Since 
dialkylation does not occur in this series, provided mild base is used, the racemization of a 
monoalkylated product prepared by an enantioselective alkylation should not undergo occur 
racemization but, rather should maintain its stereochemical integrity under the reaction 
conditions (vide infra).    
  

3° 
Out of Plane

68° 
Out of Plane

23° 
Out of Plane

59° 
Out of Plane

Sum = 71°
Out of Plane

Sum = 82°
Out of Plane

Dihedral Angle
C-N-Cα-C = -165°

Dihedral Angle
N-Cα-C=O = -6°

Dihedral Angle
N-Cα-C=O = +88°

Dihedral Angle
C-N-Cα-C = +142°

5a

N CO2EtCN CO2EtC

12c  

Figure 3.  X-Ray Structures of the Benzophenone Imines of Glycine Ethyl Ester and 
Phenylglycine Ethyl Ester. 
 

The X-ray structures of the glycine Schiff base 5a and the Schiff base of phenylglycine 
(12c) are also informative (Figure 3).  The degree to which the phenyls in the ketimine are in or 
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out of planarity gives a measure of the amount or lack of resonance stabilization in the anions of 
these two molecules based on the Ph2C=N group.  The sum of out of planarity in the glycine 
derivative 5a is 71° while that in the phenylglycine derivative 12c is 82° (11° more).  
Additionally, the dihedral angles demonstrate that in glycine 5a the carbonyl system is 
considerably closer to planarity with the imine than in the phenylglycine 12c.  Both of these 
effects will be important in determining the decrease of acidity in 12c vs. 5a.35a      

Based on acidity differences and structures between reaction partners, it is expected that 
monoalkylation/monophenylation of the benzophenone imine of glycine (5a) would be facile 
while dialkylation of its monoalkylation/monoarylation products 12a-12c would require stronger 
basic or reaction conditions (vide infra).  In contrast, both monoalkylation and dialkylation 
should occur under similar basic conditions with the aldimine of glycine ethyl ester (4b).35a  
 
13.   Amino acid amide PTC alkylations  
 

Alkylation of the benzophenone Schiff base of alanine amide (26a) presents the potential 
problem of multiple sites of deprotonation/alkylation (Scheme 11).38,39  The monomethylation of 
26a was carried out using the ion-pair extraction method to yield 27a (84%) and was uneventful.   

The second alkylation, with allyl bromide, gave all six possible products:  starting 
material 27a, desired product 28a, N-alkylation 29a, C,N-dialkylation 30a, N,N-dialkylation 
31a, and C,N,N-trialkylation 32a.  Ten model reactions with variable bases, additive, solvents, 
temperature and time were carried out to find the optimal conditions for the second alkylation: 
27a (2 mmol), the stronger base KOtBu (2.4 mmol), allyl bromide (2.4 mmol).38 
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Scheme 11.  Selective Mono- and Dialkylations of the Benzophenone Imine of Glycine Amide. 
 
 The two possible orders of addition to make the dialkylated product 28a from a benzylic 
halide (4-Cl-benzyl bromide) and an allyl halide (allyl bromide) were studied.  The yield of the 
product derived from adding allyl bromide last was higher (25%) compared with adding 4-
chlorobenzyl bromide last (10%), likely due to steric hindrance in the latter case.  Michael 
addition to 27a with t-butyl acrylate gave the disubstituted derivative in 32%.38  
 Crystal structures were obtained for the starting material 26a, the mono-C-allyl product 
27b and α-allyl-α-methyl dialkylation product 28b (Figure 4).38  Several interesting points 
confirm earlier discussions about the effect of steric hindrance on the reactivity of mono- and 
dialkylated derivatives (27b and 28b).  The cis-phenyl group on the imine is considerably farther 
out of planarity with the imine double bond than is the trans-phenyl, which is due to allylic (1,3)-
strain.37   
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Figure 4.  X-Ray Structures of the Benzophenone Imines of Glycine Amide and its Mono- and 
Dialkylated Derivatives. 
 
14.  Phenylation and diphenylation for the preparation of aryl amino acids  
 

Phenylation of 5b with Ph3BiCO3 (2 eq.) followed by hydrolysis of the imine gave a 60% 
yield of phenylglycine hydrochloride (12c) (Scheme 12).40  Selective monophenylation was 
predicted based on the acidity of 12c (pKa=21.2, Figure 2).35a,40  A second phenylation was 
achieved by phenylation of the aldimine esters 19 under the same conditions followed by 
complete hydrolysis to yield α,α-diphenylglycine (24d) or α-alkyl-α-phenylglycines (24e-
24l).41,42  
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Scheme 12.  Selective Phenylation and Diphenylations of the Benzophenone Imine and 
Aldimines of Glycine and other amino acid Esters.  
 
 
15.  Selective alkylation of dipeptides by PTC 
 
 Peptides with modified amino acid residues are important targets for drug development and 
therapeutic applications.  Three chemical synthesis approaches for preparation of modified 
peptides are: incorporation of modified amino acids into peptides, modification of the side chains 
of intact peptide structures or modification of the backbone of a peptide.   
 An interest in introducing new side chains into dipeptides prompted study of the selective 
modification of the N-terminal residue of dipeptides by phase-transfer alkylation (Scheme 
13).43,44  Since the initial step in the alkylation reaction is deprotonation, our earlier acidity 
studies with Bordwell35a (Figure 2) were instrumental in understanding the ability to 
functionalize dipeptides.  Additionally, it was estimated that, based on the acidities of N-
methylacetamide (pKa 25.9) and N-phenylacetamide (pKa 21.5),35a removal of the NH proton in 
the model protected dipeptide 33a would not be problematic.  
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Scheme 13.  Selective N-Terminal Monoalkylation and Dialkylation of Dipeptides Activated as 
Their Imine Esters.  
 
 An extensive study of the variables in the monoalkylation of 33a led to optimal conditions 
that involved a solid/liquid PTC with powdered KOH/K2CO3 as base, tetrabutylammonium 
iodide (0.24 eq.) in DMF at 0-5 °C for 30 minutes to give the Schiff base of rac-Ala-D(R)-Phe 
methyl ester (34a) in 80% yield (Scheme 13).  Four other alkylation products (34b-34e) were 
obtained in good to excellent yields.  There was no detectable diastereoselectivity in these 
alkylations.43 
 Based on earlier dialkylation studies (Schemes 6-8), the 4-chlorobenzaldehye imine of 
L(S)-Phe-L(S)-LeuOMe (34f) was used for N-terminal dialkylation studies.  Hydrolysis of the 
aldimine product gave the N-terminal dialkylated product 35a.  Again, diastereoselectivity at the 
N-terminal α-carbon did not occur.  The stereochemical fate of the C-terminal α-carbon was 
determined by hydrolysis of 35a to its corresponding amino acids, which were converted to their 
GITC (2,3,4,6-tetra-O-acetyl-β-D-glucopyanosyl isothiocyanate) derivatives.  The mixture was 
analyzed by C-18 HPLC under conditions that gave complete separation of GITC-L(S)-Leu and 
GITC-D(R)-Leu.  There was no GITC-D(R)-Leu detected in the mixture (detection limit 0.2%).  
Thus, there is retention of configuration at the C-terminal α-carbon.43   

In collaboration with colleague Bill Scott, the solution-phase synthesis of unnatural 
amino acids (Schemes 1, 2, 3, 5-9, 11, 12) and dipeptides (Scheme 13) was adapted (see Scheme 
22 for bases used in solid-phase chemistry) and extended to permit the solid-phase synthesis of a 
large number of amino acids derivatives, peptidomimetics and unnatural peptides.45-49 Access to 
these structures is essential to the success of the Distributed Drug Discovery (D3) program, 
which seeks to educate global students while they do research synthesizing molecules for the 
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discovery of drugs to treat neglected diseases. While the D3 research program is not a focus of 
this review, some of the fundamental methodology reported here, when adapted to solid-phase, 
was essential to providing simple, inexpensive, reproducible and powerful synthetic routes to the 
biomimetic molecules required by the D3 program. 
 
 
16.  First enantioselective PTC alkylation and Cinchona alkaloid organocatalysts 
 

In 1984 the Dolling group at Merck reported the groundbreaking example of a catalytic, 
enantioselective synthesis by phase-transfer catalysis.50,51 A key to the success of this work was 
use of a chiral, non-racemic quaternary ammonium salt 40 derived by benzylation of the 
Cinchona alkaloid cinchonine (Scheme 14, Figure 5).52  An important benefit of these natural 
product, alkaloid-derived catalyst precursors is that they are readily available and relatively 
inexpensive (Figure 5).   
 

 
Scheme 14.  First Catalytic, Enantioselective PTC Alkylation.   
 

The monosubstituted phenyl indanone 36 was methylated using liquid-liquid PTC 
conditions to yield indanone 37 containing a new quaternary carbon in 95% yield and 92% ee 
(Scheme 14)50a.  The mechanism of induction was proposed to involve ion-pairing between the 
anion of 36 and the quaternary ammonium salt.  Further studies from the group reported an 
enantioselective Robinson annelation50b and a detailed kinetic and mechanistic analysis of the 
enantioselective indanone reaction by Hughes.50c 
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Figure 5.  Cinchona Alkaloids and Derived Quaternary Ammonium Phase-Transfer Catalysts.  
 
17.  Enantioselective PTC monoalkylation of benzophenone imines of glycine esters 
 
 We reported the catalytic enantioselective PTC alkylation of the benzophenone imine of 
glycine t-butyl ester in 1989 (Scheme 15).18,53  Complicating factors with this acyclic system are 
the need to selectively monoalkylate 5c without dialkylation and, following alkylation, to avoid 
racemization of the monoalkylated product (R)-12m.  Our earlier studies concerning the pKa’s 
and structures of various Schiff base derivatives (Figure 2) led us to believe that both of these 
goal could be realized.    
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Scheme 15.  First Catalytic Enantioselective PTC Monoalkylation of a Glycine Derivative.  
 

An initial, small-scale experiment in toluene resulted in alkylation with a good chemical 
yield but only a 5% ee!  Changing the solvent to methylene chloride increased the % ee to 28%.  
Systematic modification of a number of additional variables (nature of the ester group in 5, types 
of alkyl halides, amounts and concentrations of reagents and aqueous base, catalyst counterion, 
nature of the leaving group, reaction time and catalyst 41 or 42) led to products from different 
types of alkyl halides (% ee catalyst 41, 42):  4-chlorobenzyl bromide (66% ee, 62% ee), allyl 
bromide (66% ee, 62% ee), methyl bromide (42% ee, --), n-butyl bromide (54% ee, --).  The 
cinchonine-derived catalyst 41 typically led to products with the unnatural [(R) or D] absolute 
configuration while those from the cinchonidine-derived catalyst 42 gave the natural [(S) or L] 
products in slightly lower % ee (Scheme 15).   
 A large scale alkylation (19.2 g, 65 mmol) of 5c with 4-chlorobenzyl bromide was carried 
out with results similar to the small-scale model reaction.  The enantiomeric products (R)-12m 
(82%) and (S)-12m (18%) were separated by a single recrystallization and the major enantiomer 
remained in the filtrate to yield, on solvent evaporation, 16.8 g of 4-chloro-D-phenylalanine (R)-
12m in >99% ee!  Hydrolysis of (R)-12m gave the amino acid (R)-17b in 50% overall yield (5.5 
g, >99%) (Scheme 15).     
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18.  Mechanistic and molecular recognition studies of enantioselective PTC  
 
 A study of the molecular recognition between the ion pairs of the Schiff base substrate 5c 
and the Cinchona alkaloid-derived catalyst 42 was conducted in collaboration with my colleague 
K. B. Lipkowitz.54  A model of the complex between 42 and the Z-enolate of 5c together with 
the potential energy surface was proposed.  It was found that the likely binding region for the 
enolate is on the front side of the N-benzyl cinchoninium ion.  The flat potential energy surface 
suggests that solvent and temperature should be important in these asymmetric alkylation.  Since 
this early analysis, a number of other theoretical and mechanistic studies have been conducted to 
predict the origin of the enantioselectivity in these phase-transfer alkylations.51c,55 

   
 
19.  Enantioselective PTC dialkylation of an αααα-substituted aldimine ester 
 
 Based on the earlier successful racemic dialkylations of the aldimine esters of α-amino 
acids (Schemes 6-8) and the enantioselective monoalkylations of the benzophenone imines of 
glycine esters (Scheme 15), attention was turned to the enantioselective PTC dialkylation of the 
protected/activated aldimine t-butyl ester of alanine (S)-19f (Scheme 16).56,  A number of 
variables were explored.  The cinchonine-derived catalyst 41 gave the model product (R)-23c in 
48% ee while the pseudoenantiomeric cinchonidine catalyst 42 yielded (S)-23c in only 24% ee.  
This is in contrast with the enantioselective monoalkylation, which gave only slightly better 
results for cinchonine catalyst 41 (66% ee vs. 62% ee, respectively (Scheme 15).  
 Other variables explored: (a) base: 50% NaOH, powdered NaOH, powdered KOH, 
powdered KOH/K2CO3, powdered KOH/ K2CO3 melted and (b) aryl in starting material (S)-19f: 
4-ClPh-, 4-MeOPh-, Ph-, 1-naphthyl-, 2-naphthyl, 2,4,6-Cl3Ph-. 
 Active alkyl halides (benzylic and allylic) gave good results in the alkylation (Scheme 
16).  However, a less reactive alkyl halide (iBuBr) gave only partial conversion from starting 
material to product (related references57,58).  
 

 
 
Scheme 16.  Enantioselective PTC Dialkylation of the Aldimine of Alanine t-Butyl Ester. 
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Interestingly, recrystallization to improve the % ee of a crude dialkylated product was 

also successful in the single case attempted:  (R)-68 was prepared on moderate scale from 19c 
(7.5 g), the crude product was recrystallized twice and then hydrolyzed to yield α-methyl-4-
chlorophenylalanine ((R)1.4 g, 23% overall yield, >97% ee).   

 
 
20.  A new active catalyst species for enantioselective alkylation by PTC 

 
 
 

 
 
 
 
 
 
Scheme 17. Racemization Studies to Determine the Nature of the Active Catalyst. 

 
In an attempt to understand the mechanism of the enantioselective phase-transfer 

catalyzed reaction (Scheme 15) and the nature of the active catalyst, racemization studies of the 
optically pure product (S)-12b that would be formed by enantiospecific benzylation of 5b were 
carried out in the presence/absence of a number of variables with the following results (Schemes 
17 and 18):59   

(a) No QX, no RX → 100% (S), 0% racemization of (S)-12b. Interpretation: the 
stereochemistry of reaction product (S)-12b was not affected in the absence of QX and 
RX.  

 (b) Neutral quaternary ammonium salt (nBu4N
+Br-) and no RX (R=Bn) → 100% (S), 0% 

racemization of (S)-12b.  Interpretation:  the quaternary ammonium salt did not have an 
OH group and, therefore, could not be converted into an anionic species by 
deprotonation. 

 (c) CdOR Quat (44b), no RX → 100% (S), 0% racemization of (S)-12b.  Interpretation:  
the use of premade O-alkylated quaternary ammonium salt 62b under the reaction 
conditions did not affect the stereochemistry of product (S)-12b.   
(d)  CdOH Quat (42), +  RX → 100% (S), 0% racemization of (S)-12b.  Interpretation: 
since the optically pure product (S)-12b was not racemized under these conditions, this 
implies that the initial quaternary salt was converted into another non-basic compound, 
first by deprotonation to the alkoxide 47 and then by a fast O-alkylation to the non-basic 
44\. 

In summary, none of the four of the above reaction conditions [(a)-(d)] led to racemization of 
product (S)-12b.  In contrast, the following two experiments each led to partial racemization of 
optically pure product (S)-12b:   

(e)  CnOH Quat (41), no RX → 64% (S), 72% racemization of (S)-12b.   
(f)  CdOH Quat (42), no RX → 65% (S), 70%  racemization of (S)-12b. Interpretation of 
experiments (e) and (f): in the absence of alkyl halide, the cinchoninium salt 41 or the 
pseudoenantiomeric cinchonidinium salt 42 was converted into its corresponding 
alkoxide 47 that partially racemized the product, (S)-12b.   

Taken together, these six experiments imply that the initially-formed base is the alkoxide (Q+O-

47) that is then O-alkylated to form the active catalyst 44 (Scheme 18).59 
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Scheme 18.  Catalyst Decomposition Studies and Identification of the Active Catalyst.  

 
The above results can be rationalized by a catalyst degradation mechanism (Scheme 18), 

which is similar to that proposed by Hughes at Merck.50c  If the initial catalyst (41 or 42) 
contains an OH [experiments (e)-(f) above] it can be deprotonated to its alkoxide (e.g. here 47 
from 41), which can undergo one of three reactions provided R-Br is present: (i) 47 is a 
lipophilic organic base that could deprotonate (racemize) “product” (S)-12b (Scheme 17); (ii) 
slow formation of oxirane 48; or (iii) a fast O-alkylation of 47 to 43 (the active catalyst), which 
can undergo a slow Hofmann elimination to 49.  Thus, as long as there is excess RX or, 
preferably, if the catalyst is already in its ether form (43) there will be slow degradation of the 
active catalyst 43 to 49 and the active catalyst 43 will have a reasonable lifetime.59  

 Based on these findings and to explore the nature of the alkyl group in the catalysts, two 
quaternary ammonium catalysts 44a (N-benzyl-O-allylcinchonidinium bromide) and 44b (N,O-
dibenzylcinchonidinium bromide) were prepared and used in the allylation of 5c to prepare the 
monoallylated product (S)-12m (Scheme 19).  The O-allyl catalyst 44a gave slightly higher 
enantioselectivity than the O-benzyl one 44b (59% ee vs. 54% ee) and, therefore, was chosen as 
the optimal catalyst for this reaction.59  

 
Scheme 19.  Optimization of New Catalyst System from Catalyst Degradation Studies. 
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21.  Optimization of the catalytic enantioselective alkylation by PTC  
 
 Based on the above observations, a detailed study was undertaken to optimize the 
reaction conditions for the catalytic enantioselective PTC benzylation of the benzophenone imine 
of glycine t-butyl ester (5c).  The product (S)-12b was prepared in 81% ee with the second-
generation catalyst 44b using solid-liquid PTC in the 7:3 toluene/dichloromethane mixed solvent 
system at 5 °C for 30 minutes (Scheme 20).9h 

 
 
 
 
 

 
 
 
 
 

Scheme 20.  Optimal Conditions for the Catalytic Enantioselective PTC Alkylation to Prepare 
(S)-65 (81% ee). 
 
 
22.  Third generation Cinchona-based catalysts for enantioselective alkylations 
 
 A third generation of chiral quaternary salts derived from the Cinchona alkaloids was 
reported independently in late 1997 from the groups of Corey60 and Lygo.61  These involved 
adding an anthracenylmethyl group instead of the earlier benzyl group as the quaternary group 
attached to nitrogen (catalysts 45 or 46).  Both reports provided a significant increase in 
enantioselectivity over the second generation O-alkyl substituted catalysts.   
 The Corey system (Scheme 20A) with catalyst 45 used cesium hydroxide monohydrate as 
base to minimize water in the organic phase (CH2Cl2).  Reactions were conducted at -50 °C for 
28-36 h (71-82%, 97-99.5 % ee) for less reactive alkyl halides and -78 °C for 18-24 h (67-91%, 
92-99.5 % ee) for more reactive ones (11 total reactions).  The basic test reaction, the 
benzylation of the benzophenone imine of glycine t-butyl ester, gave product (S)-12b (87% 
yield, 94% ee).60 
 The Lygo reaction (Scheme 21B) with catalyst 46 used a liquid-liquid PTC method with 
50% KOH in PhMe and 1.2 equiv. RX.  Reactions were run at room temperature for 3-18 hours 
with active and less active alkyl halides plus t-butyl 2-iodoacetate followed by imine hydrolysis 
to the amino acid t-butyl ester (12 total alkylations, 40-86%, 67-91% ee).  The model reaction 
gave t-butyl phenylalaninate in 85% (to the amino acid) and 94%% ee.  The authors prepared 
both (S)-12b (shown) and (R)-enantiomers (using the pseudoenantiomeric cinchonine-derived 
catalyst) of each product.  It is noteworthy that the free OH catalysts were used throughout in this 
study.61            
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Scheme 21.  Improved Enantioselectivities with Anthracenyl Salt Catalysts. 
 
 
23.  Homogeneous enantioselective alkylation of the Schiff base ester of glycine 

 
An efficient homogeneous catalytic enantioselective synthesis of α-amino acid 

derivatives was developed to overcome an inherent limitation in the two-phase systems.  From a 
practical point of view, the need for efficient stirring can be problematic in PTC processes.  
While the levels of induction are not drastically affected by the rate of stirring, in order to 
achieve rapid reactions and minimize side reactions, effective stirring is crucial.   

Catalytic asymmetric alkylation reactions were achieved by using the organic soluble, 
non-ionic phosphazene (Schwesinger bases) together with a chiral quaternary ammonium salt 
(Scheme 22).62  BEMP (50) and BTPP (51) are two relatively strong bases (super bases, push-
pull bases, phosphazenes, Bronsted acid catalysts) that rely on protonation of the sp2 nitrogen 
that can then be delocalized through the resonance structures involving the other three sp3 
nitrogens. 

The acidity (pKa in DMSO) of the starting Schiff base ester 5c (pKa= 19.7) and the 
conjugate acids of the Schwesinger bases (BEMP, pKa=16.2 or BTPP, pKa~17.0) provides a 
qualitative estimation of the acid base reaction.  Thus, deprotonation of 5c by either BEMP or 
BTPP would lead to formation of a small amount of the anion of 5c.  This anion would then be 
alkylated and drive the reaction to completion by reestablishing the equilibrium for further 
alkylation.62 

Homogeneous, enantioselective alkylation of 5c was achieved by its reaction with alkyl 
halides and base (BEMP, -78 °C for active halides; BTPP, -50 ° C for unreactive halides) in the 
presence of chiral catalysts 45 or 52 to yield products (S)-12 or (R)-12 in good to excellent yields 
and enantioselectivities (Scheme 22; see also later Figure 9 for related base systems).62   
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Scheme 22.  Schwesinger Bases for the Homogeneous Catalytic Asymmetric Synthesis of 
Amino Acid Derivatives. 
 
24.  Homogeneous catalytic enantioselective Michael additions  
 
 The methodology developed for the homogeneous alkylation of the glycine Schiff base 
ester 5c (Scheme 22) was extended to enantioselective Michael additions using the Schwesinger 
base BEMP together with Cinchona quaternary ammonium catalysts 45 and 52 (Scheme 23).63  
The products [(S)- or (R)-ab-af] obtained from various Michael acceptors are simple analogs of 
glutamic acids The reactions proceeded at -78 °C in good yield and products with the natural (S)-
configuration were obtained from catalyst 45 in better enantioselectivities than the (R)-products 
from catalyst 52.  
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Scheme 23.  Enantioselective Michael Additions of the Benzophenone Imine of Glycine t-Butyl 
Ester.  
 
25.  Allylic acetates for the enantioselective synthesis of glutamic acids 

Derivatives of glutamic acid (Glu), a main excitatory amino acid in the CNS, are of 
current interest as potential therapeutic agents.  Synthesis of a number of analogs of the 4-
substituted alkylidene glutamic acids was undertaken in collaboration with collaborator P. V. 
Ramachandran at Purdue (Scheme 24).64,65  The electrophiles were substituted allylic acetates 
(53) and the enantioselective phase-transfer SN2’ alkylation was conducted using standard 
conditions with Cinchona alkaloid catalyst 45.  Good to excellent yields of the products (S)-54a-
h were obtained (63-92%, 80-97% ee) and an X-Ray structure was obtained for (S)-54f.  A 
representative product [(S)-54a)] was converted into the 4-substituted pyroglutamate (2S,4S)-
55a, which can be readily converted to 4-substituted glutamic acids. 

Use of the homogeneous catalytic enantioselective reaction developed earlier (Scheme 
22),62 with typical conditions (catalyst 45, BEMP (50), CH2Cl2, -78 °C, 24 h) gave product (S)-
12ag (90%, 79% ee) but with poorer enantioselectivity.64   
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Scheme 24.  Catalytic Enantioselective Synthesis of Glutamic Acid Derivatives by Tandem 
Conjugate Addition-Elimination of Activated Allylic Acetates.  
 
 

Based on the above methodology, a method for the preparation of fluorine-substituted 
glutamic acid derivatives was developed (Scheme 25).66  The starting fluorine-substituted allylic 
acetates 53 were prepared by vinylalumination of methyl propiolate (DIBAL-H, NMO), reaction 
of the intermediate product with a fluorinated aldehyde, then acetylation (CH3COCl, Pyr).  
Reaction of 5c with 53i-k gave glutamate derivatives 54i-k with the Cinchona-derived 
quaternary ammonium salt 45 while 5c with 53l-s gave racemic 54l-s.  Product 54m was 
converted to the racemic pyroglutamate 55b (15% aq. citric acid; H2-Pd/C) (Scheme 25).66   
 

 
 
Scheme 25.  Synthesis of Fluorinated Glutamic Acid Derivatives by Vinylalumination to Allylic 
Acetates followed by SN2’ Alkylations.  
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26.  Recrystallization of enantiomerically enriched products to higher optical purity   
 

One of our most effective examples to increase enantiomeric purity by recrystallization 
described synthesis of the Schiff base ester of 4-chlorophenylalanine (R)-17 (Scheme 15). An 
initial 64% ee (82% major enantiomer, 18% minor enantiomer) of product was obtained.  After a  
single recrystallization, in which the major enantiomer remained in the filtrate, the optical purity 
was increased to >99% ee.  Several selected examples by our are presented (Figure 6).67,68  These 
have made use of recrystallization of optically enriched samples of the benzophenone imines (or 
aldimine (R)-23c) of  amino acid esters for optical enrichment.  
 

 
 
Figure 6.  Recrystallization of Benzophenone Imines of Amino Esters to Higher Optical Purity. 
  

An alternative method for improving the enantiomeric purity of these products is to 
convert the benzophenone imines of amino esters to their Fmoc derivatives 54 (15% aq. citric 
acid, THF, RT; FmocCl, aq. Na2CO3, THF, RT) followed by recrystallization. (Figure 7).67   
 

 
 
Figure 7.  Recrystallization of Fmoc Derivatives of Amino Esters to Higher Optical Purity. 
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27.  Amine diastereomer separations by conversion to their benzophenone imines  
 

 An interesting use of benzophenone Schiff base derivatives was reported by Donaldson 
(Scheme 26).69  The amino ester diasts-55, a mixture of diastereomers, was an intermediate in 
the synthesis of conformationally restricted analogs of glutamate.  When it was not possible to 
separate the mixture of diastereomers into its individual diastereomers, diasts-55 was converted 
into its benzophenone imine, which was readily separable by column chromatography to give the 
individual diastereomers (-)-55a and (+)-55b.  This technique demonstrates an additional option 
for these and other Schiff base derivatives for the separation of diastereomeric mixtures of 
amines by conversion to their benzophenone imines. 
 

 
 

Scheme 26.  Conversion of an Amine to its Benzophenone Imine for Separation of 
Diastereomers. 
 
 
28.  Other quaternary ammonium salts and Schwesinger-type catalysts  
 
 Since the early foundational efforts on enantioselective phase-transfer alkylation 
reactions in the 1980’s, there have been numerous studies to extend this methodology to new 
reaction types (a non-inclusive list: Alkylation, Michael Addition, Aldol, Darzens, Neber 
Rearrangement, Horner-Wadsworth-Emmons, Cyclopropanation, Epoxidation, Aziridination, 
Oxidation, Reduction, Fluorination, Sulfenylation, Cyanation, Ring-Opening, Hydroxylation, 
Fluorination, Trifluoromethylation, Strecker) and catalysts.  While many groups have 
contributed substantially to this effort in both articles and reviews, Maruoka has been a leader in 
developing new catalyst architectures such as 56 plus extension to new reactions.70  Four 
structural types of enantioselective phase-transfer catalysts are shown (Figure 8).  Catalysts 5670 
and 5771 are based on non-natural precursors while 5872 and 5973 and other catalysts74 (Figure 8) 
were derived from natural products (Cinchona alkaloids or tartaric acid).  
 

 
 
Figure 8.  Chiral Quaternary Salts as Phase-Transfer Catalysts for Enantioselective Reactions.   
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There has been a recent flurry of activity in the identification and study of structurally 

novel chiral, non-racemic phase-transfer type systems for various reactions with the 
benzophenone imine of glycine alkyl esters (60-64).  While this review will not discuss this area 
in detail, a few examples have been selected and several reviews cited.   

Particularly noteworthy are the extensive PTC studies by the Denmark group (catalyst 
development, mechanistic and stereochemical studies) to understand the factors affecting the 
alkylation reactions of 5c using quaternary ammonium salts such as 60.75  The Lu group reported 
enantioselective alkylations and Michael additions using a simple amino acid-derived  
phosphonium salt 61 (Figure 9).76 

  

 

 
Figure 9. Recent Chiral Quaternary Ammonium PTC Catalysts and Bronsted Acid Catalysts. 
 
 The remaining three catalysts are based on the principles of Schwesinger-type bases 
(super bases, push-pull bases, phosphazenes, Bronsted acid catalysts) (Scheme 22 and Figure 9). 
These serve as strong organic-soluble bases that undergo delocalization of the protonated species 
by an extended π- or protonated aromatic system.77  Such systems are exemplified by the work 
of Hii with catalyst 62 in an enantioselective Michael addition.78  Lambert used the chiral 
cyclopropenimine 63 in enantioselective Michael additions and a Mannich reaction,79 while 
Dudding extended this catalyst system to one involving achiral alkylation by a “proton sponge” 
64.80 
 
 
29.  Large-scale synthesis of an optically active amino acid in >99% ee  
 
 Several examples of “large scale” phase-transfer reactions, either racemic or 
stereoselective, have been noted throughout this review and here.81  The large-scale synthesis 
with the Schiff base of glycine t-butyl ester (5c) in an enantioselective alkylation with 4,4’-
difluorobenzhydryl bromide by the Patterson group at GlaxoSmithKline that was carried out on a 
6.1 molar scale of starting material (5c) is particularly impressive (Scheme 27).82,83  The salient 
features in the synthesis of (S)-12bg by bromination of the benzhydrol then enantioselective PTC 
alkylation with 5c are outlined below:83 

• 4,4’-Difluorobenzhydrol (1.7 kg, 7.72 mol) and 48% HBr water (5.1 L) stirred 1 h at 25 °C  
• Heated to 80 °C with stirring for 2 h then cooled to 25 °C  
• Added H2O (6.8 L) then CH2Cl2 (8.5 L) and stirred then separated layers  
• Washed with H2O (5.1 L) then 5% aq. NaHCO3 (5.1 L)  
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• Concentrated organic layer at atmospheric pressure to 9.5 L  
• The 4,4’-difluorobenzhydryl bromide in CH2Cl2 added to 5c (1.8 kg, 6.10 mol)  
• Catalyst 45 (0.185 kg, 0.30 mol) added  
• Dichloromethane (1.8 L) added and mixture cooled to 0 °C over 30 min  
• 45% aqueous KOH (7.6 kg, 60.9 mol) added over 15-30 min with temperature 0-5 °C  
• Biphasic reaction stirred until reaction complete by TLC (~5 h)  
• Water (1.8 L) added, layers separated and organic layer washed with brine (5.4 L) 
• Organic layer returned to reactor (rinse with 1.8 L of CH2Cl2) and concentrated to 10 L   
• Organic solution concentrated at atmospheric pressure to 10 L  
• 23% ethyl acetate in heptane (9.1 L) added, solution concentrated under vacuum to 14.5 L 
• Reaction seeded  
• Vacuum distillation continued to 12.5 L volume, vacuum removed 
• Reaction cooled to 20 °C and maintained for 1- 2 h 
• Solids collected by filtration, washed with 10% ethyl acetate in heptane (3.6 L)  
• Solids dried in 50 °C vacuum oven to constant weight  
• Product (S)-12bg an off-white solid (1.72 kg, 56%, > 99% ee) 

 

 
 

Scheme 27.  Large-Scale Enantioselective Catalytic Phase-Transfer Synthesis of an Amino Acid 
at GSK. 
 

 
30.  Glycine cation vs. glycine anion equivalents  
 
 Glycine anion equivalents 65 and those of α-alkyl amino acids, which react with various 
electrophiles to give 66 and other derivatives have been the focus of the chemistry to this point.  
We now turn to their umpolung reagents, the cationic equivalents 67, that react with nucleophiles 
to give products 68.  To date, the reactions of the cationic equivalents of amino acids have 
received considerably less attention than their anionic counterparts.  Such methods can provide 
ready access to structural types of amino acids 68 not readily available from 65. 
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Scheme 28. Glycine Anion Equivalents vs. Glycine Cation Equivalents. 
 
31.  Cationic glycine: αααα-Acetates of the benzophenone imines of glycine esters  
 
 The synthesis of the cationic glycine equivalent 7a was first reported in 1985,17 which 
was followed by two other routes to this important compound (Scheme 29).  Reaction of the 
benzophenone imine of glycine ethyl ester 5a with N-bromosuccinimide in DMF with sodium 
acetate at room temperature gave 7a.17   A more convenient and higher yielding procedure 
involved reaction of the t-butyl ester 5c (or many other esters) with lead tetraacetate in 
dichloromethane to give 7c.84  In the third route the α-keto derivative 69 (see Scheme 43 for 
preparation of 6985 and further reactions) was reduced with super hydride followed by reaction 
with acetic anhydride to give 7c. 
 

   
 
Scheme 29. Preparation of Glycine Cationic Equivalents. 
 
 
32.  Cationic glycine: Reactions with neutral heteroatom nucleophiles  
 
   Reaction of acetate 7a with neutral carbon nucleophiles (dimethylamine, thiophenol and 
primary or secondary alcohols) led to the racemic products 70-72 in 65-95% yield (Scheme 
30).17,86  These products can be considered as further types of glycine cation equivalents.  
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Scheme 30.  Products from Reaction of Acetate with Neutral Nucleophiles. 
 
 
33.  Cationic glycine: Reactions with organoboranes     
 
 The acetate of benzophenone ethyl ester 7a is an α-heteroatom-substituted ester.  Since it is 
known that such compounds react with organoboranes, the reaction of 7a with organoboranes 
was developed to provide a general synthesis of amino acids (Scheme 31).87a,b  The 9-alkyl/aryl-
substituted-9-BBNs (73a-g) were prepared either by reaction of alkenes with 9-BBN (9-
borabicylco[3.3.1]nonane) or reaction of organometallics with 9-MeOBBN.  Reaction of the 9-
R/Ar-BBNs with acetate 7a in the presence of the hindered phenoxide base gave the racemic 
protected amino acids 12 in moderate to excellent yield.  With the exception of 12bh, which is 
readily available by classical alkylation, the remaining products are difficult to prepare by this 
route either because of facile eliminations from the alkyl halides (12bi,bm) or difficult 
nucleophilic aromatic substitutions (12c,bk,bl).  Products 12 were hydrolyzed to the amino acids 
(1 N HCl, Et2O; 6N HCl Heat or LiOH, H2O) in 37-84% yield. 
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Scheme 31. Reaction of the Schiff Base Acetate of Glycine Ester with Organoboranes. 

 
 

34.  Cationic glycine: Enantioselective syntheses with organoboranes   

 
 The previous reaction of acetate 7a with 9-alkyl/aryl-9-BBNs (73) provided a method for 
appending the amino acid substructural unit onto alkenes or alkyl halides that can be readily 
converted into organoboranes (Scheme 31).  The method was extended to the preparation of 
optically active α-amino acids from 7c by using the inexpensive and readily available Cinchona 
alkaloids (Scheme 32).84a  Model studies for the preparation of either enantiomer of the Schiff 
base esters of cyclohexyl glycine (12ba) were conducted without LiCl and both (S)-12ba and 
(R)-12ba gave 61% ee.  Addition of LiCl to the reaction mixture resulted in a dramatic increase 
in the selectivity (e.g., (S)-12ba) from 61% ee to 92% ee).      
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Scheme 32. The Catalytic Enantioselective of α-Amino Acid Derivatives from Organoboranes. 
 
 Using these optimal reaction conditions, seven cycloalkylglycine derivatives (S)-12ba.be-bi, 
were prepared.  Although the enantioselectivity for the 3- and 4-membered ring analogs was only 
moderate, the remaining 5- through 8-membered products gave excellent enantio-selectivities 
(89-95% ee).  Cinchonidine (39) gave 2-3% greater enantioselectivities than the 
pseudoenantiomeric cinchonine (38).  The four homologous cycloalkylmethylglycine derivatives 
(S)-12bj-bl gave lower enantioselectivities (59-62%) while those for the α-alkylglycines 
(12q,bm,n) were intermediate (75-85% ee).   
 A mechanism was presented in which the Cinchona alkaloid serves a dual role: first, as its 
alkoxide, to deprotonate the starting acetate 7c and, secondly, to protonate the final boron enolate 
intermediate in the key enantioselectivity-determining step to the final product. 
 
 

35.  Cationic glycine: Enantio- and diastereoselective synthesis with organoboranes 

 
 An acyclic stereoselective boron alkylation mediated by catalysts from the Cinchona 
alkaloids cinchonidine and cinchonine was used next in the stereoselective synthesis of the β-
substituted α-amino acid derivatives 12bx and 12by (Scheme 33).89,90   
 Starting organoborane (R)-73s (R=Et) was prepared by Matteson’s asymmetric 
homologation with BICHED boronic esters followed by Brown and Singaram’s 
reduction/hydroboration of the boronic esters to set the latent β-stereocenters.  Starting material 
(R)-73r (R = Phe) was prepared by the rhodium-catalyzed asymmetric hydroboration of styrene. 
 The stereochemistry of the reaction is determined by two factors: (a) the inherent 
diastereoselectivity (substrate control) favors formation of the syn-products and (b) the relative 
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importance of the two steric control elements in the chiral protonation: the stereogenic β-center 
in 73r or 73s (substrate control) and the Cinchona alkaloids 39 or 38 (reagent control).  The 
reaction occurred to give the matched pair of both products (2S,3R)-12bn  and (2S,3R)-12bo in 
excellent enantio- and diastereoselectivity while the mismatched pair gave excellent selectivities 
for (2R,3R)-12by but eroded diastereoselectivity for (2R,3R)-12by.  
  

 
 
Scheme 33.  Acyclic Stereoselective Boron Alkylation Reactions for the Asymmetric Synthesis 
of β-Substituted α-Amino Acid Derivatives. 
 
 
36.  Cationic glycine: Reactions with neutral carbon nucleophiles  
 
 Further reactions were carried out with neutral carbon nucleophiles in the presence of 
varying amounts of the Lewis acid, TiCl4 with addition of the nucleophile last (Scheme 34).91  
Active aromatics (furan, anisole, 2,4-dimethoxybenzene and indole) gave the corresponding 
protected products, which were hydrolyzed to the amino acids (17c-f).91,92a,b 

 Using similar, optimized conditions, the reactions of allysilanes 74a-c led to allylic γ,δ-
unsaturated amino acids (allylglycines) (12o,bp,bq)91,92c while the silyl enol ether of 
acetophenone (75) gave the γ-keto amino acid 12br. 90,92d,e  
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Scheme 34. Reactions of Neutral Carbon Nucleophiles with Organoboranes. 
 

 Reactions with acetate 7a gave only modest yields of the products 17c-f, 17g-i and 17j.  
Nonetheless, they can be readily scaled-up (3.25 g, 10 mmol to 61.5 g, 61.5 mmol) with similar 
yields as the small scale model to obtain quantities of the desired products.  Thus, this is an 
attractive route to these compounds based on the ready availability of acetate 7a, the simple 
reaction procedure, workup, product purification and ease of reaction scale-up. 
  
 
37.  Cationic glycine: Reactions with organometallics  
 
 The formation of carbon-carbon bonds from the glycine cation equivalent 7a offers the 
potential for access to new structural types of amino acids not available through alkylation.  For 
example, arylation is not typically possible by reactions of the glycine anion equivalents 65 nor 
are alkylations involving 2°, 3° or other alkyl halides prone to elimination under basic 
conditions.  
 Organocopper reagents are attractive carbon nucleophiles because of their potential for a 
wide range of reactivity and selectivity.  Higher order mixed cuprates (76) were particularly 
suitable for these reactions (Scheme 35).93  Initial experiments demonstrated that these reactions 
were sensitive to temperature, solvent and mode of addition.  The model racemic aryl-substituted 
glycinates [1-naphthylglycine (12bs) and 2-thienylglycine (12al)], a 3° alkyl [t-butyl glycine 
(12bm)] and a 1° alkylglycine [n-butyl glycine, norleucine (12q)] were prepared in 46-71% 
yields and then converted to their respective amino acids.   
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Scheme 35. Reaction of the Glycine Cation Equivalent with Organometallics.  
 
 This methodology has been extended by de Meijere to products containing cyclopropane 
rings (spiropentylglycine) and other derivatives.94  Lamaty, de Meijere and Knochel have used 
organozinc reagents in a similar fashion.95  
 
 

38.  Cationic glycine: Malonate anions with palladium catalysis  

 
 The rich chemistry of π-allyl palladium complexes has found widespread use in organic 
synthesis.  While all carbon allylic systems have been studied extensively, the heteroatom-
substituted π-allyl palladium complexes are much less common.6  Our interest in these systems 
stems for their potential for use in amino acid synthesis by considering the acetates 7 as pseudo 
allylic acetates for reaction with nucleophiles such as malonate anions.  In 1990 we reported the 
reaction of sodium dialkyl malonates with 7b,d in the presence of 10% commercial 
tetrakis(triphenylphosphine)palladium(0) to give the protected β-carboxyaspartic acids (ASA) 
derivatives 12bz, which  could be deprotected to 17c or 17d (Scheme 36).96  
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Scheme 36. Pd-Catalyzed Reaction of the Glycine Cation Equivalent with Malonate. 
 
 
39.  Cationic glycine: Malonate anions and bis-phosphine tether length  
 

Improvements in the reaction were achieved in collaboration with Pher Andersson now at 
Stockholm University, by evaluating various bidentate phosphine ligands Ph2P(CH2)nPPh2 (n = 
2-6) and other variables in the reaction of sodium dimethyl malonate (77a) with the glycine 
cation equivalent 7b (Scheme 37).97  Optimal results were achieved with a tether length of four 
(n = 4).  Additionally, in order to develop a catalytic enantioselective synthesis with chiral 
phosphine ligands, it was necessary to use a stable source of palladium that could be converted in 
situ to the active catalyst.  This was accomplished by using Pd(OAc)2, which was converted to 
the active catalyst in situ in a larger scale synthesis (3g of 7b).  Early studies using chiral bis-
phosphines with tether lengths of four, such as BPPM or BINAP gave low enantioselectivities 
(5-8% ee or 27% ee, respectively).  These results provided useful leads for further studies into 
catalytic enantioselective syntheses in these systems. 
 

 
 
Scheme 37. Importance of Tether Length in Acetate Reaction with Malonate Anion.  
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40.  Cationic glycine: Malonate anion enantioselective (BPPM) and ββββ-alkylation  

 
Studies were undertaken to improve the initial low enantioselectivity obtained in the palladium 
catalyzed reaction of sodium dialkylmalonates with acetate 7c (7 g) in the presence of  the chiral 
ligand (2S,4S)-BPPM (71).  The product (S)-12bs, obtained following workup and flash 
chromatography, was a white solid (8.5 g, 99% yield, 37% ee).  A single recrystallization 
(CH2Cl2, hexane) gave racemic crystals 12bs (4.4 g).  The filtrate was evaporated and dried to 
afford optically active (S)-12bs (4.05 g, 48% yield, 77% ee) (Scheme 38).98    
 
The utility of this reaction was extended to the preparation of β-substituted derivatives of β- 
carboxyaspartic acid by phase-transfer catalyzed alkylations of (S)-12bs in the presence of 
catalytic 18-crown-6.  The reaction occurred with retention of configuration in product (S)-12ca-
cd (90-99% yield).  Attempts to form (S)-12bt directly from 7c using sodium dimethyl 
methylmalonate (72) were less successful (40%, 18% ee).  
 

 

 
 

Scheme 38. Catalytic Enantioselective Reactions of Acetate with Malonate Anion and BPPM.  
 

 
41.  Cationic glycine: Malonate anion enantioselective (BINAP) and recrystallization  
 
  Our final study in the series was carried out in collaboration with Cliff Kubiak at Purdue.  
BINAP was used as the chiral ligand in the palladium-catalyzed reaction of the glycine cation 
equivalent 7c with malonate anion (Scheme 39).99,100  It  included a systematic study of the 
substrate, nucleophile, additives and reaction conditions.  Key findings were the preference for 
using the t-butyl ester of the acetate (7c) and the potassium salt of the malonate.  The proposed 
η3-azaallyl palladium intermediates were studied and isolation was attempted.  A proposed 
mechanistic model for the reaction was presented.   
 The reaction was scaled up to provide, from (R)-BINAP (80), the major enantiomer (S)-12bz 
(90%, 79% ee).  Following flash chromatography and a single recrystallization, (S)-12bz  
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crystals were obtained (62%, 95.5% ee).  Selective deprotection of both the imine and t-butyl 
ester with 5N HCl gave (S)-10a (48%, 93% ee) or just removal of the Schiff base with 
hydroxylamine hydrochloride yielded (S)-10b (54%, 93% ee).      
 

 
 

Scheme 39.  Catalytic enantioselective reaction of acetate with malonate and BINAP.   
 
 

42. Cationic glycine: Reaction with vinyl anions to ββββ,γγγγ-unsaturated amino acids 
 

 The previous reactions between acetates 7 and malonate anions can be considered a 
coupling between the soft malonate and a 2-aza-π-allyl system.  This concept was extended to 
coupling of a hard nucleophile (vinylalanes, 71) as a route to β,γ-unsaturated amino acid 
derivatives (vinylglycines, 12ca-cd) (Scheme 40).101,102  The vinylalane 81 was prepared by 
Cp2ZrCl2-catalyzed carboalumination of alkynes with Me3Al.  The coupling reaction of 7b and 
81 with a catalytic amount of (Ph3P)4Pd in dioxane at room temperature gave tri- or 
tetrasubstituted vinylglycines in moderate yields.  While the vinylalanes derived from less 
sterically demanding terminal alkynes coupled smoothly (12ca-cd), the vinylalane from t-
butylacetylene gave no reaction.  The vinylalane from a symmetrical internal alkyne (3-hexyne) 
gave a single coupling product (12cd) while, as expected, that from an unsymmetrical alkyne 
gave a mixture of regioisomers.    
 The product vinylglycine derivatives 12ca-cd can be readily deprotected to their 
vinylglycine ester hydrochlorides 10c-f) by treatment with mild acid in a two-phase system (1N 
HCl, Et2O, RT, 15 h, 75-89%). 
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Scheme 40.  Reaction of an Amino Acid Cation Equivalent with Vinylalanes and Palladium 
Catalysis to β,γ-Unsaturated Amino Acid Derivatives.    

 
 
43.  Preparation and reactions of a cationic aminophosphonate equivalent with 
organoboranes  
 

A cationic equivalent of the α-aminophosphonates 82 was developed to access 
phosphorous analogs of the α-aminocarboxylates 84, derivatives not easily accessible by the 
anionic route (Scheme 41).103,104  Initial studies of this biologically interesting class of molecules 
focused on the nature of the leaving group on derivatives of the Schiff base ester 82.  Since 
attempts to extend earlier success to prepare the acetate of 82 were unsuccessful, attention was 
focused on a sulfur-based leaving group.  Treatment of the benzophenone imine of 
aminophosphonate 82 with 2,2’-dipyridyl disulfide gave the α-thiopyridyl derivative 83.  This 
group was selected because it possesses a combination of strong acidifying and good leaving 
group abilities.  Thus, 83 is 4.3 pKa units less acidic (pKa=18.7 in DMSO, statistically corrected 
by the number of acidic hydrogens) than its parent 82 (pKa=23.0) and has approximately the 
same acidity as Ph2C=NCH2CO2Et (4, pKa = 18.7).  

Reaction of 83 with organoboranes 67, in analogy with earlier studies with 7 (Schemes 
30-33), readily gave α-monosubstituted derivatives of the protected α-aminophosphonates 84.  
With the exception of the alkylation product (84e), the remaining products are difficult to obtain 
from the anionic equivalent by alkylation:  an arylglycine (84a), the product from a hindered 3° 
alkyl (84b), or other halides prone to elimination (84c,d).  The organoboranes used for these 
reactions were derived from phenyl- or t-butyllithium and 9-MeOBBN or by hydroboration of 
the corresponding alkenes.  The products 84 can be deprotected to either the α-substituted-α-
aminophosphonates or phosphonic acids.  
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Scheme 41. Preparation and Reaction of an α-Aminophosphonate Cation Equivalent with 
Organoboranes. 
 
 
44.  Preparation and alkylation of the Weinreb amide of the benzophenone imine of glycine 

 
 In addition to being important targets in their own right, derivatives of the amino acids 
and peptides such as amino aldehydes and ketones are of considerable interest.105  Our program 
in the solid-phase synthesis of amino acid and peptide derivatives led us to explore the use of a 
Weinreb amide as a surrogate for the Rink amide resin.106  In order to determine the appropriate 
base for deprotonation, a model solution-phase system was developed prior to extension to resin-
bound substrates.  Since conventional resin-bound substrates add an additional solid phase to any 
synthesis, use of an organic-soluble, non-ionic base such as the Schwesinger bases BEMP (50) or 
BTPP (51) (Schemes 22 and 23) was envisioned (Scheme 42).   
 Starting Weinreb amide 86 was prepared from Boc-glycine (65) (Scheme 42).  
Alkylation of 86 was sluggish in BEMP (50), our first “base of choice.”  By using the slightly 
stronger base BTPP (51) the alkylation was successful to give the alkylated products (87a,b).  
Although these were not used in a solution-phase synthesis of amino aldehydes or ketones, the 
methodology was applied successfully to prepare various amino and di- or tripeptide aldehydes 
and ketones on solid phase (24 total products in 27-87% yield).106  
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Scheme 42. Weinreb Amide Preparation and Alkylation. 
 
 

45.  αααα-Keto Schiff base esters for preparation of αααα,ββββ-didehydroamino acids 
 
 Dehydroamino acid derivatives are an important class of compounds in biological systems.  
Typical construction of the α,β-bond in these compounds is accomplished by a Wittig reaction, 
normally from the reaction of the Wittig reagent with aldehydes or ketones.  Reaction with the 
reversed polarity, starting from an α-keto amino acid and a Wittig reagent, is less common 
(Scheme 43).85,107    
 Preparation of the α-keto amino acid derivative 69 was accomplished by reaction of the 
mixed ester-acid chloride from oxalyl chloride with benzophenone imine, which is stable for 
several weeks at 0 °C although it decomposes by decarbonylation at room temperature.  
 Reaction of 69 with Wittig reagents gave the dehydroamino acids 89a-f (78-90% yield, 
with the given Z:E ratios).  The major products were assigned the Z-configuration based on their 
small vicinal carbon-proton coupling constants and a crystal structure of the minor diastereomer 
of 89c confirmed the E-configuration.  (Note: the first report of the Wittig olefination of the α-
keto amino acid derivative 69 appeared after our work was in progress107a).   
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Scheme 43. Preparation of α,β-Didehydroamino Acids Derivatives from α-Keto Schiff Base. 
 
 
46.  Transesterification of Schiff base esters of amino acids and dipeptides  
. 
 The protection and deprotection of carboxylic acids as their esters are key transformations in 
organic synthesis.  This is especially true in amino acid and peptide chemistry and total synthesis 
where multifunctionalities and chirality are often present.   
 Many common methods for esterification of carboxylic acids cannot be used in the presence 
of a Schiff base because of the instability of a molecule that contains both an imine and a free 
carboxylic acid.  We explored use of saponification followed by O-alkylation for conversion of 
the benzophenone imine of an amino acid methyl ester into its benzyl ester using a phase-transfer 
system (Scheme 44).108,109  Ion-pair extraction with a full equivalent of Bu4NHSO4 with aqueous 
NaOH in CH2Cl2 at room temperature was followed by separation of the layers and then addition 
of the alkyl halide to the organic phase.  The benzophenone imines of (S)-phenylalanine methyl 
ester (S)-12b and phenylglycine methyl ester (S)-12c were chosen as models to test the 
propensity for racemization.  Both starting materials gave “product” in good yield.  However, 
while the phenylalanine (S)-12b gave retention of configuration in “product” (S)-12b, the 
phenylglycine (S)-12c gave “product” (S)-12c with 50% racemization.  This result is not 
unexpected since the phenylalanine starting material (S)-12b is expected to be less acidic (higher 
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pKa) than the phenylglycine one (S)-12c (see Section 12, Figures 2 and 3, pKa= 23.2 for 12b vs. 
pKa=21.2 for 12c).    
 Application of this transesterification procedure to the conversion of the benzophenone 
imine dipeptide methyl ester of (S)-Val-(S)-Val into its benzyl ester resulted in retention of 
stereochemical integrity at both stereogenic centers of the resulting benzyl ester.109 

 

  
 
Scheme 44. Transesterification of Schiff Base Esters of Amino Acids and Dipeptides. 
 

 
47.  Nitrogen alkylation for the preparation of N-alkyl amino acids and a total synthesis  
 
 N-Methyl amino acid are an important class of amino acids, as biologically active 
compounds, for the preparation of peptide analogs and in conformational studies of peptides.110  
A major method for preparing N-methyl amino acids has been the nitrogen alkylation of a 
protected amino nitrogen (base, RX) from N-protected amino acids such as Boc or Cbz.  An 
alternate route involves nitrogen alkylation of imine-type substrates, such as (S)-19  (aldimine) 
or (S)-90 (amidines) with electrophiles (Scheme 46).  Synthesis of the N-alkyl amino acids 
involved preparation of amidines (S)-90a by reaction of the free amino ester from 10g with 
dimethylformamide dimethyl acetal, followed directly by alkylation with either methyl triflate or 
dimethyl sulfate (Scheme 45).111           

 

 
 

Scheme 45. Preparation of Amidine Esters of Phenylglycine. 
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 Alkylation of the Schiff bases esters (S)-19j and their amidino counterparts (S)-90a were 
compared in terms of reaction conditions and, especially, racemization at the α-carbon (Scheme 
46).  Alkylation of the Schiff base ester of (S)-phenylalanine (S)-19j required forcing conditions 
with considerable erosion of the chiral center.  In contract, the more basic/reactive amidino ester 
(S)-90a was alkylated with either methyl triflate for the racemization-prone derivative of 
phenylglycine or dimethyl sulfate for α-alkyl (S)-91b-d  or the α,α-dialkylamino acid derivative 
92a.  In cases (S)-91b and (S)-91c the reactions occurred with retention of configuration 
(Scheme 46).111  
 

 
 
Scheme 46. N-Alkylation of Schiff Base and Amidine Amino Acid Esters. 
 
 Over the years, a number of very talented undergraduates have participated in 
undergraduate research in the group.  Among these, Robin Polt contributed original ideas and 
research in a number of areas.17,19,35  One aspect in his early academic career at the University of 
Arizona was to develop a reductive route to the N-alkyl amino acids from Schiff base esters. 
Reductive alkylation of (S)-12 with NaBH3CN and aqueous formaldehyde followed by catalytic 
hydrogenation gave products (S)-91a-d.  Extension of the method by use of alkyl aldehydes gave 
longer chain N-alkyl derivatives (S)-95a-c (Scheme 47).112,113   
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Scheme 47. Reductive Route to N-Alkyl Amino Acids from Schiff Base Esters. 
 
 The same group extended use of the benzophenone imines of glycine esters to the total 
synthesis of the “aza-sugar”, L-Fuco-1-deoxy-nojirimycin (99) (Scheme 48).112-115  The synthesis 
involved addition of the an alkenyllithium with iBu5Al2H (iBu3Al•iBu2Al–H) to the ester (S)-12a 
in a threo-selective tandem reduction-alkenylation, which was followed by OH protection to 97 
[trichloroacetylisocyanate (TAI) was used to prepare cyclic derivatives of the initial reduction-
alkenylation adduct for NMR analysis].  Osmium-catalyzed cis-oxygenation of the double bond 
followed by Mom-protection of the resulting diol gave 97.  This initial synthesis was completed 
by removal of the TBDMS group, oxidation to the aldehyde with a Swern oxidation, selective 
reduction of the Schiff base, saponification of the pivalate (with the quaternary ammonium salt 
Bu4N

+OH-), hydrogenolysis of the diphenylmethyl group and subsequent ring closure to yield L-
Fuco-1-deoxy-nojirimycin (99) in 9 steps.  The methodology was refined by the introduction of a 
TEMPO-catalyzed oxidation that was selective for the primary alcohol in the presence of two 
secondary alcohols, obviating the need for Mom-protection, and providing 99 in 8 steps in an 
overall yield of 20%.  Other amino sugars (101) and aza-sugars (102) were synthesized using the 
same methodology.114,115  
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Scheme 48. Total Synthesis of Potential Glycosidase Inhibitors from the Benzophenone Imine of 
Alanine Ester by Polt. 
 
 
48.  Conclusions   
 
 The multiple uses of either the benzophenone imine esters of glycine, or the aldimine 
derivatives of monosubstituted amino acid esters, to synthesize either racemic or enantioenriched 
natural and unnatural amino acids has been reviewed.  While the majority of the review covers 
our own contributions, the efforts of others are represented by the many reviews in the area.  The 
field will continue to thrive as new catalysts, reactions types and conditions are explored and as 
the methodology finds further application in the total synthesis of complex molecules.   
 
  
Reflections 
 

In thinking back about my two-year postdoctoral experience in Belgium with Professor 
Ghosez, the first thoughts that come to mind are “remarkable scientist” and “ultimate host.”  My 
wife Kitty and I were immediately accepted with open arms into the larger Ghosez family and 
group, whether it was a dinner Chez Ghosez, a soiree at their home for the entire group or insight 
into a synthetic problem.  

In early 1973 when I was finishing my PhD with Professor Kenneth Wiberg at Yale, I 
told Dr. Wiberg that I’d like to go to Europe for a postdoc and wondered if he had any 
recommendations.  He said “Léon Ghosez” and added “he’s a good man.”   How fortunate I was!  
The first day in lab, I knew I was being mentored by a gifted scientist and human being.  Two 
years later, on finishing my postdoc, I discussed research plans for my upcoming academic 
position with the Patron; with a twinkle in his eye, he suggested I look into amino acid synthesis 
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because he thought it would be an important new area of research in the future.  How right he 
was!  His simple suggestion helped establish the trajectory of my career. 

I have many fond memories of my time in Belgium.  I remember the Saint Nicolas (Santa 
Claus) festivity in the lab in early December with the “Chef” being wheeled in on a cart for the 
celebration.  Several visits to vacation homes with the Ghosez family were memorable.  First, on 
the coast, where we were served waterzooie, the famed Belgian national soup of eggs, cream and 
fish.  Since we thought there would be more courses to come after the soup, we didn’t take the 
seconds that were offered…it was a hungry afternoon walking along the Belgian coast.  Years 
later when we were on sabbatical in London in 1985, we visited the Ghosez family in northern 
France.  We got lost, a workman showed us the way and Ghosez, of course, invited him to join 
us for lunch.  Within fifteen minutes of our arrival our oldest son, Patrick, managed to step in a 
“cow pie.”  Mme. Ghosez was unfazed and took him right under her wing. 

Léon Ghosez is a dear friend and colleague who has been instrumental in my own career 
and life.  He introduced Kitty and me to the charms of the Continent and inspired me to always 
do my best work.  I owe him more than I can say.    
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