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Foreword 
The A C S Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is o f keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table of con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus the 
book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts o f 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

A s a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions o f previ
ously published papers are not accepted. 

A C S Books Department 
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Preface 

Alpha-Amino acids ( a -AAs) are indispensable building blocks o f 
life, as we know it on this planet, and one of a few classes o f organic 
compounds with recognition in the street. Besides their primary function 
as structural units o f peptides and proteins, they also serve countless 
biological functions in most l iving things. Thus, apart from 20 
proteinogenic/coded a - A A s , hundreds o f structurally varied a - A A s have 
been found in the peptides of cell walls and capsules o f numerous 
bacteria and fungi as well as in various natural antibiotics. Furthermore, 
naturally occurring a - A A s have been continually used as a "chiral pool" 
for the preparation o f a plethora of biologically and pharmacologically 
active compounds and are widely applied in the pharmaceutical, 
agrochemical, and food industries. Tailor-made a - A A s are increasingly 
employed in the preparation of new synthetic enzymes, hormones, and 
immunostimulants. More recently, sterically constrained a - A A s have 
found fundamental applications in the rational de novo design o f peptides 
and peptidomimetics with enhanced metabolic stability and physiological 
functions. The structural diversity, biological activity, and application o f 
a - A A s in organic synthesis, biochemistry, food, fragrances, and health-
related sciences are far too broad to be covered in a single review. On the 
other hand, this brief introductory text might convince the reader that a-
A A s have been and continue to be at the forefront o f organic-synthesis 
science because of their remarkable impact on virtually every bio-related 
industrial and academic endeavor. 

Chemistry and various applications of a - A A s have been the subject 
o f numerous review articles over the years, following the first and only 
comprehensive treatment of this subject published by Professor Robert 
M . Will iams in 1989. However, each review article typically focuses on a 
particular aspect o f synthesis or application o f a - A A s , leaving aside other 
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aspects of a - A A s science. This book represents, for the first time, an 
attempt to give the reader a snapshot o f the most active and promising 
current research activity in the general field of a - A A s , instead o f 
collecting comprehensive data on a particular aspect. We hope this book 
w i l l convey to the reader the vibrant breadth and ingenuity of the current 
research in the area of asymmetric synthesis, and wi l l prove to be both 
deeply instructive and stimulating. 

This book is derived from the A C S Symposium Asymmetric 
Synthesis of a-Amino Acids. Novel Developments and Future Directions, 
as part o f the 233 r d American Chemical Society ( A C S ) National Meeting, 
March 25-29, 2007, Chicago, Illinois, featuring 11 speakers from 6 
countries. In the design o f this book, we decided to invite contributions 
from 17 more leading scientists in the field, to give the reader a more 
complete overview of current ideas and potential in a - A A research. 
Moreover, we decided to emphasize the current state o f the art in the 
industrial production o f enantiomerically pure a - A A , inviting 
contributions from several leading industry researchers. The book 
consists o f four general sub-topics, including Stoichiometric, Catalytic 
and Enzymatic approaches for the preparation of enantiomerically pure 
a - A A , application o f a - A A s in the total synthesis o f complex natural 
products, and one chapter on the most advanced and innovative, in our 
opinion, approach for preparation of a-peptides. O f particular interest to 
us as editors is that many o f the data the reader w i l l find in this book 
have not been previously published, rendering this volume a prime 
source for new and stimulating research data. 

A s organizers o f the symposium and editors o f this book, we 
gratefully acknowledge the truly outstanding contributions from 11 
speakers at the symposium and 28 authors of the book, all o f whom have 
made our work both enjoyable and highly rewarding. 

F ina l ly , it is wi th great pleasure that we acknowledge the 
leadership o f the A C S D i v i s i o n o f Organic Chemis t ry for g i v i n g us 
an opportunity to organize the Sympos ium and for p rov id ing 
generous f inancial support. We are also grateful to the A C S 
D i v i s i o n o f M e d i c i n a l Chemis t ry for cosponsoring the Sympos ium 
and for their generous f inancial support. Our particular thanks go 
to the A j inomoto Company, Inc. (Tokyo, Japan) for their prominent 
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and encouraging support and for provid ing the major financ 
contr ibution to the Sympos ium. 
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Stoichiometric Approach 



Chapter 1 

Recent Developments in the Application 
of Organometallic Chemistry to Amino Acid 

Synthesis 

Richard F. W. Jackson 

The Department of Chemistry, The University of Sheffield, Dainton 
Building, Sheffield S3 7HF, United Kingdom 

Alkylzinc iodide reagents derived from amino acids are useful 
intermediates for the synthesis of non-proteinogenic amino 
acids using metal-catalyzed coupling reactions. Dipolar 
aprotic solvents, specifically dimethylformamide, reduce the 
rate of elimination of β-amino alkylzinc reagents. These β-
elimination reactions can be further suppressed by using 
trifluoroacetyl protection on nitrogen, which reduces 
intramolecular coordination to zinc, a key requirement in the 
elimination process. Acidic protons, specifically phenols, are 
tolerated in Negishi cross coupling reactions of these reagents. 

Introduction 

Alkylzinc iodides 1-5, derived from readily available proteinogenic amino 
acids, react under metal catalysis with a wide range of electrophiles to produce 
enantiomerically pure protected non-proteinogenic amino acids (/). 

Of particular interest are the three P-amino organozinc reagents 1, 3 and 5, 
since these reagents might be expected to be unstable towards P-elimination in 
an analagous manner to the corresponding P-oxygenated organozinc reagents 6 
which eliminate spontaneously (Figure 1) (2), since the stabilities of the leaving 
groups ("OR and TslHBoc) would be expected to be very similar. Uncovering 
the reasons for the differing behaviour of reagents 1, 3 and 5 has been the focus 
of substantial recent effort, and this is the main topic of this chapter. 

2 © 2009 American Chemical Society 

  
 



R0 2C 

NHBoc 
J k ^ Z n l 

1a, R = Me 
1b, R = Bn 

NHBoc NHPG 

Me02C 
3a, PG = Boc 
3b, PG = TFA 

NHBoc NHPG 

Me02C 
,Znl IZnv 

5a, PG 
5b, PG 

C0 2Me 
: Boc 
= TFA 

6 

Figure 7. Elimination of a prototypical j3-oxygenated organozinc reagent 

The synthetic utility of amino acid derived organozinc iodides is illustrated 
by the Pd-catalyzed Negishi reactions of the serine-derived reagent 1 with acid 
chlorides to give 4-oxo amino acids 7 (J), with aryl iodides to give 
phenylalanine derivatives 8 (4) and with vinyl halides and triflates to give 
unsaturated amino acids 9 (5). Reaction with allylic substrates is possible using 
copper catalysis, leading to butenylglycine derivatives 10 (Figure 2) (6). 

BocHN o 

Pd(0),RCOCI^ M^ASAR 

NHBoc Cu(l) 

M e 0 2 C 
10 

Me02C 

NHBoc p d ( 0),Arl V H B °^ 
/ k / Z n l - M e 0 2 C ^ - A r 

cr 
1a 

Pd(0), 

8 

NHBoc 

M e 0 2 C ^ ^ R 

Figure 2. Reactions of serine-derived reagent 1 to give non-proteinogenic 
amino acids 

The serine-derived reagents la and lb have been widely used for the 
preparation of substituted phenylalanine derivatives, including compounds 
containing difluorophosphonates 11 (7), boronates 12 (8) and heterocycles 13 
(P), 14 (10) and 15 (77). The preparation of these compounds illustrates the 
functional group tolerance of the reaction. 

One of the most challenging examples of this general class of coupling is the 
intramolecular Negishi reaction employed in the synthesis of the cyclic tripeptide 
natural product, K13 18. Insertion of activated zinc into the alkyl iodide 16 in 
dimethylformamide (DMF), followed by treatment with a Pd(0) catalyst, gave 
the expected product 17 (Figure 3) (72). The alkylzinc reagent derived from 16 
is amongst the most functionalized alkylzinc reagents that have been prepared. 
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Reagents and Conditions: 
i) Zn*. DMF, rt, 20 min. 
ii) Pd2(dba)3l P(o-tol)3, 3 x 10"3 M THF, 
60 °C, 16 h, 35% 

Figure 3. Synthesis of protected KI3 by Intramolecular Negishi Reaction 

Spectroscopic Studies on Serine-derived Alkylzinc Reagents 

The nature of the solvent is important in both the reactivity and stability of 
p-amino organozinc reagents. Initial *H N M R studies of the alkylzinc reagent 
lb showed that it was formed efficiently in both THF and D M F , but that the 
signals due to the two diastereotopic protons adjacent to zinc were quite different 
in the two solvents (13). In THF, one proton appeared as a triplet, and the other 
a double doublet; both signals were quite broad, and there is a substantial 
chemical shift difference. In DMF, the signals for both protons were closer in 
chemical shift and, whilst clearly still inequivalent, were sharp double doublets. 
The most likely interpretation is that, in THF, there is internal coordination of 
zinc by the carbamate carbonyl group 19, but in D M F the solvent competes with 
this internal coordination 20 (Figure 4). Coordination by the ester carbonyl 
group is of course also possible, so the true solution structure is likely to be 
dynamic. 

In an effort to establish the (minimum) number of solvent molecules 
coordinated to the zinc reagent l a in DMF, the solution was directly analyzed 
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19, Predominant in THF 20, Predominant in DMF 

Figure 4. Possible Solution Equilibria for Alkylzinc Reagent lb 

by positive ion ESI-MS (14). At a range of cone voltages, the only mass ion 
detected was at 339, formed by loss of iodide ion and containing one molecule of 
DMF. The presence of DMF in the only observed mass ion does suggest that at 
least one molecule of D M F is coordinated to zinc in solution (since this is where 
ionization takes place in the electrospray experiment), although association of more 
D M F molecules either through coordination to zinc, or by hydrogen bonding to the 
carbamate proton in solution, is possible. In the gas phase, it is likely that both the 
carbamate and ester carbonyl groups can co-ordinate to zinc thereby displacing 
DMF, forming the bicyclic cation 21 (Figure 5). 

© 

21,M = 339 

Figure 5. Formation of only observable ion derived from lb in ESI-MS 

Spectroscopic Studies on Reagent 3a: Suppression of P-EIimination 

Early efforts to use reagents 3a and 5a were plagued by problems of 
instability, specifically towards P-elimination. In THF especially, the rate of 
elimination of 3a to form methyl but-3-enoate 22 was sufficiently fast that very 
poor yields of products arising from attempted Negishi coupling reactions were 
obtained. In DMF, however, the rate of elimination was much slower, and the 
yields in Negishi coupling reactions correspondingly higher (75). This 
observation suggested that internal coordination of the carbamate carbonyl group 
to zinc may promote the elimination reaction. A careful N M R study of the P-
elimination reaction of 3a showed that the reaction was first-order in both 
solvents, and allowed the activation parameters to be determined (Table I). 

Interpretation of these results is not straightforward, but the large negative 
entropy of activation in THF does indicate a highly ordered transition state. 
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Table I. Activation Parameters for Elimination of Reagent 3a 

Solvent A^kJmoT1 AtfjfC1 moT1 

THF-d 8 + 70 -85 

D M F - d 7 + 90 -31 

HN-^O 

O'Bu 

O ^ N H 

Predominant in DMF Predominant in THF 

Me 

O'Bu 

S . ° " 
o 
I 

.Zn 

O'Bu 

A NH 

C02Me ^ v ^ C 0 2 M e 
22 

Figure 6. Proposed Mechanism for syn-Elimination of Reagent 3a 

This suggests that the elimination most likely proceeds via a ̂ -process (Figure 6), 
in which coordination of the carbamate carbonyl group to zinc is necessary. In 
THF, carbamate coordination to zinc already exists, to some extent, in the ground 
state, so the enthalpy of activation is less than in DMF, in which loss of strongly 
bound D M F is required. The larger negative entropy of activation in THF can be 
explained by an enhanced requirement for coordination of zinc by THF as the 
transition state is formed. In DMF, zinc is already solvated in the ground state, so 
loss of DMF partially compensates entropically for the formation of the ordered 
transition structure. The entropy of activation is therefore less negative in DMF. 

Notwithstanding these proposals, they are only significant if they lead to the 
design of a better reagent. Since the elimination reaction appeared to be dependent 
on the Lewis basicity of the carbonyl function, not the stability of the whole leaving 
group, it seemed reasonable to choose a nitrogen protecting group in which Lewis 
basicity was minimized. The trifluoroacetamide 3b was therefore identified as a 
potentially improved reagent. This reagent contained a rather acidic proton, which 
was a concern. In the event, the reagent 3b could be prepared (16), and in D M F 
the ! H N M R spectrum showed that the two diastereotopic protons adjacent to zinc 
were now coincident (Figure 7). 

The trifluoroacetamide 3b proved to be more stable towards P-elimination 
than the original reagent 3a (by a factor of more than 3-fold) when followed by lU 
N M R (16). Careftil analysis of the kinetic data established, however, that 
elimination of 3b was in fact a second order process (17). This was confirmed by 
studying the decomposition at a range of different initial concentrations of reagent 
3b, a classical method for discriminating between first and second order processes 
(Table II). The kinetic studies were carried out at initial concentrations very close 
to 1 M, allowing direct comparison of the 1st and 2 n d order rate constants. 
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NHBoc 
I Z n ^ A ^ C ^ M e 

HI H 3a 

NHTFA 

HI H 3b 

• I • • • • 11 • • 11 • • • • I • • • • I • • • • I • i • • I • • • 
0.50 0.40 0.30 

(ppm) 

I I I I I I I | I H I I I I I l | l I I I I I I I I | I 1 I I I M 1 1 | I I 

0.6 0.5 0.4 0.3 

(ppm) 

Figure 7. lH NMR Signals for Indicated Protons of 3a and 3b in DMF-
d7. (Reproduced with permission from reference 16. Copyright 2003 

The Royal Society of Chemistry.) 

Table II. Rate Constants for Elimination of 3b 

Initial Cone, of Apparent 1st Order Rate 2nd Order Rate 
Reagent 3b Constant/Iff6 s' Constant/Iff6 Af's' 

0.2 M 0.8 3.0 

0AM 1.5 2.7 

0.8 M 3.0 2.7 

The observation that the change in protecting group had not only influenced 
the rate of the elimination reaction, but had even changed the mechanism of the 
process, was testament to the critical nature of the nitrogen protecting group. A 
possible explanation for this behaviour is that, rather then the alkylzinc halide, 
3b, undergoing elimination, it is in fact the corresponding dialkylzinc species 23 
(the concentration of which is related to the square of the concentration of the 
alkylzinc halide, 3b) formed through Schlenk pre-equilibrium, that undergoes the 
elimination reaction (Figure 8). This is reasonable on the basis that the carbonyl 
oxygen of the trifluoroacetamide group is not able to coordinate to zinc, and 
therefore promote the ^-elimination reaction, which occurs in the case of the 
corresponding Boc-derivative 3a. The alternative elimination pathway, namely a 
straightforward ^//-elimination, cannot occur in the alkylzinc iodide due to the 
electron-withdrawing character of the iodide ligand (which reduces the electron 
density at the carbon atom bound to zinc). However, the dialkylzinc species, 
without this influence, can undergo the elimination reaction. 
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NHTFA NHTFA ^ 
2 I Z n ^ A ^ C 0 2 M e Z n ^ * ^ C 0 2 M e j 

3b 23 2 

+ T F A H N Z n N ^ x . C 0 2 M e 
Znl 2 

Figure 8. Proposed Elimination Mechanism for Reagent 3b 

When the stability of the two glutamic acid-derived alkylzinc reagents 5a 
and 5b (determined by ! H N M R ) was compared, it was found that the 
introduction of the trifluoroacetamido group had an even larger stabilizing effect 
in this series. The rate constant for the first order elimination of 5a was found to 
be much larger than that observed for the corresponding aspartic acid derivative 
3a, while the second order rate constant for the elimination of the glutamic acid-
derived alkylzinc reagent 5b was similar to that observed for 3b (Table III). 

Table III. Rate Constants for Elimination of Reagents 3a, 3b, 5a and 5b 

Reagent 1st Order Rate Reagent 
2nd Order Rate 

Reagent 
Constant/ Iff6 s~' 

Reagent Constant/Iff6 Af's' 
3a 9.0 3b 2.8 
5a 24 5b 3.3 

In the event, when preparative Negishi cross-coupling reactions of the two 
reagents 3a and 3b were carried out, the isolated yields of products 24 and 25 
were broadly similar (Table IV) (16). Although reagent 3b is more stable 
towards p-elimination than reagent 3a, it is also appears to be less reactive in the 
cross-coupling reaction. Nonetheless, it does allow access to p3-amino acids 
with a base-labile nitrogen protecting group. 

The situation for the two glutamic acid derived reagents, 5a and 5b, is rather 
different. In this case, the reactivity of the reagent was increased by introduction 
of the trifluoroacetyl group, with the result that the alkylzinc reagent 5b is 
extremely effective for the preparation of y-amino acids 27 (Table V) (17). The 
increase in yield when using reagent 5b compared to 5a for the coupling with 2-
fluoroiodobenzene, a normally inefficient substrate in such processes, is 
significant. 

One possible explanation for the lower stability of reagent 5a, compared to 
reagent 3a, is that in the latter case one might expect enhanced coordination by the 
ester carbonyl group to zinc (forming a 6-membered ring 29) compared to the 
situation with 5a (forming a 7-membered ring 28) (Figure 10). Evidence for this 
co-ordination has been provided through 1 3 C N M R studies. (4) Such coordination 
might be expected to compete with coordination by the Boc-group to zinc, thereby 

  
 



NHPG Z n * NHPG Ar-I NHPG 
' ^ A ^ C 0 2 M e I Z n ^ ^ C 0 2 M e P d 2 d b a 3 / P ( o . t 0 | h A r ^ A ^ C 0 2 M e 

3a, PG = Boc 24, PG = Boc 
3b, PG = TFA 25, PG = TFA 

Figure 9a. Preparation of /3s-amino acids 24 and 25 by Negishi Cross-coupling 

Ar-l 

^C02Me DMF ^ ^ ^ X 0 2 M e Pd2dba3 / P(o-tol)3

 v ^ S s - ^ C 0 2 M e 
5a, PG = Boc 26, PG = Boc 
5b, PG = TFA 27, PG = TFA 

Figure 9b. Preparation of y-amino acids 26 and 27 by Negishi Cross-coupling 

Table IV. Comparison of Yields Obtained using Zinc Reagents 3a and 3b 

Ar Yield of 24 (%)"from 
Reagent 3a 

Yield of 25 (%)" from 
Reagent 3b 

4-MeC 6 H 4 73 64 

4-MeOC 6 H 4 68 69 

Ph 73 72 

4 - N C C 6 H 4 - 77 

1-Naphthyl 61 70 

4 -BrC 6 H 4 58 53 
All yields are based on the starting alkyl iodide. 

Table V. Comparison of Yields Obtained using Zinc Reagents 5a and 5b 

Ar Yield of 26 (%)" from 
Reagent 5a 

Yield of 27 (%)"from 
Reagent 5b 

4-MeOC 6 H 4 68 79 

2 - H 2 N C 6 H 4 56 62 

2 - F C 6 H 4 34 51 

4 -MeC 6 H 4 68 79 

Ph 68 88 
a All yields are based on the starting alkyl iodide. 
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reducing the rate of elimination. The fact that the serine-derived reagent 1 (which 
could form a very stable 5-membered ring 30 through analogous internal 
coordination) is even less susceptible to elimination is entirely consistent with this 
hypothesis. Since the mechanism for elimination from the trifluoroacetamides 3b 
and 5b does not require such coordination, the position of the ester would not be 
expected to exert a substantial influence (as is indeed observed). 

NHBoc 
NHBoc NHBoc 

MeO 

28, Less significant 29, Moderately significant 30, Most significant 

Figure 10. Internal Coordination by the Ester Carbonyl Group 

Negishi Reactions of Alkylzinc Halides Tolerate Unprotected Phenols 

As previously noted, the alkylzinc reagents 3b and 5b each contain an acidic 
trifluoroacetamide proton. The satisfactory results obtained in Negishi cross-
coupling reactions with both reagents suggest that protonation of the carbon-zinc 
bond by the trifluoroacetamide proton is not a problematic side-reaction. 
Literature data for the p/Ca of carbamate protons (such as those found in 3a and 
5a) suggests a value of around 25, when measured in DMSO (18), presumed to 
be a reasonable guide for the corresponding pKa values in D M F . The pKa of 
trifluoroacetamide in DMSO is 17, which suggests that electrophiles containing 
protons with pKa values higher than this might be tolerated in reactions with 
alkylzinc halides. The most intriguing candidate is phenol (pAa 18), so a study 
to determine the compatibility of unprotected phenols in Negishi cross-coupling 
reactions with alkylzinc halides was undertaken. Reactions of alkylzinc reagents 
la and 2 with 4-iodophenol gave moderate yields of the coupled products (based 
on the alkyl iodide precursors to the corresponding alkylzinc iodides). 
Analogous reaction of alkylzinc reagent 3c gave the product in excellent yield 
demonstrating that unprotected phenols are indeed tolerated (Figure 11) (19). It 
is possible that this tolerance has a kinetic origin, a topic for future research. 

Conclusions 

While the synthetic utility of alkylzinc reagents derived from proteinogenic 
amino acids has been clear for some time, recent work has started to shed light 
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Me02C 

Me02C 

NHBoc 4-HOC6H4l, Pd(0) 

A^Znl 
1a Me02C 

NHBoc 4-HOC6H4l, Pd(0) 

B n 0 2 C ^ ^ x ^ , Z n l 

3c 

BKHiXX 
BocHN 

Bn02C 

48% 

54% 

85% 

Figure 11. Negishi Cross-Coupling with Unprotected Iodophenols 

on why such highly fimctionalized organometallic reagents can exist, and the 
structural characteristics that help to stabilize the reagents (specifically towards 
P-elimination of protected nitrogen functionality). Better understanding of these 
features promises to lead to the design of new, even more effective reagents. 
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Chapter 2 

Synthesis of Heterocycle-Linked C-Glycosyl 
α-Amino Acids and C-Glycopeptides 

Alessandro Dondoni and Alessandro Massi 

Dipartimento di Chimica, Laboratorio di Chimica Organica, Università       
di Ferrara, Via L. Borsari 46, I-44100 Ferrara, Italy 

Non-natural C-glycosyl α-amino acids are building-blocks for 
the co-translational modification of natural glycopeptides. 
These are key components of the complex machinery that 
operates in vital processes of all living organisms, ranging 
from eubacteria to eukaryotes. While a wide range of C- 

glycosyl amino acids have been synthesized, we have designed 
and prepared a small collection of a new class of these amino 
acids whose structure features a heterocycle ring holding the 
carbohydrate and the amino acid fragments. Isoxazole, 
triazole, tetrazole, and pyridine moieties were used as suitable 
linkers in this project owing to their easy construction via 
Huisgen cycloaddition and Hantzsch multicomponent reaction. 
Details on the synthesis of each family of these glycol-
conjugates are given below, some emphasis being given to the 
efficiency and generality of each method employed. The 
potential of these glycosyl amino acids in non-natural 
glycopeptide synthesis is exemplified by the coupling of a 
pyridine-linked derivative with two natural amino acids to give 
a non-natural glycotripeptide. 

© 2009 American Chemical Society 13 
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Introduction 

Protein glycosylation is a ubiquitous post-translational modification that has 
been evolutionary conserved from unicellular yeast to man in structure and 
biosynthetic pathway.(/) An impressive variety of carbohydrate-peptide linkages 
are found in glycoproteins distributed in essentially all living organisms, ranging 
from eubacteria to eukaryotes.(2) The structure of the oligosaccharide units 
present on the proteins are quite diverse, as they fall into two basic types defined 
by their linkage to the protein backbone. Specifically, 0-linked oligosaccharides 
are bound to the hydroxyl group of amino acids threonine, serine, 
hydroxyproline, hydroxylysine, and tyrosine via an ^-acetylgalactosamine 
residue, whereas N-linked oligosaccharides are bound to the amide group of 
asparagine via N-acetylglucosamine residue (Figure 1). 

Oligosaccharide units of glycoproteins participate in folding of nascent 
proteins in endoplasmic reticulum, serve as protection from the action of 
proteases, and modulate the biological activity.(i) Moreover, the saccharide 
portion plays its own key role in a variety of biological events such as specific 
recognition sites for the intracellular targeting of proteins, the clearance of 
proteins from the plasma, and cell-cell interactions. Given the complexity and 
multiple functions of the oligosaccharide units in glycoproteins, it can reasonably 
be expected that genetic defects that impair the biosynthesis of these structures 
would be detrimental and result in clinical syndromes. This is in fact the case. 
For instance, following the Jaeken observations in 1980,(4) it is now clear that 
congenital underglycosylation of proteins causes severe problems in children and 
typically results in interference with normal development of the brain and 
functions of the nerve, liver, stomach, and intestinal systems. This disease which 
is called CDG-syndrome (congenital disorder of glycosylation) (/) is sufficient 
to demonstrate the importance of protein glycosylation and the need to obtaining 
more insights in this field. Indeed, the list of diseases due to abnormal protein 
glycosylation is growing steadily.(5) In this area of glycobiology and 
glycomedicine, synthetic organic chemistry is called to contribute with new and 
efficient synthetic tools that can furnish O- and N-glycopeptides with a well 
defined structure and composition. The isolation of homogeneous glycopeptides 
from natural glycoproteins is complicated by the presence of the latter as a 
mixture of glycoforms. Moreover, chemical synthesis can offer an entry to 
various non-natural glycopeptides in which the carbohydrate unit is bound to the 
polyamide backbone through an artificial tether resistant to chemical and 
enzymatic degradation. Synthetic glycopeptides can be used as probes in 
biological studies for a deeper understanding of the effect of glycosylation on 
protein structure and function in molecular detail.(d) These products can also 
result in new drug-discovery leads against carbohydrate-based metabolic 
disorders. Quite obviously, the key building blocks needed in a co-translational 
approach (7) to non-natural glycopeptides are non-natural glycosyl amino acids. 

  
 



Pr
ot

eo
gl

yc
an

 
Fa

ct
or

 IX
 

EG
F 

G
ly

co
ge

ni
n 

G
al

N
A

c 
. 

G
lc

N
A

c 
M

uc
in

s  
M

a
n 

Y
e

a
s

t 
Al

ga
l 

ty
pe

 

Fi
gu

re
 1

. F
or

m
s 

of
pr

ot
ei

n 
gl

yc
os

yl
at

io
n.

 
(S

ee
 p

ag
e 

1 
of

 c
ol

or
 i

ns
er

t.)
 

  
 



16 

Therefore several methods have been reported in the last two decades for the 
synthesis of C-glycosyl amino acids,(#) especially methylene isosteres of 
glycosyl serines (9) and ethylene isosteres of glycosyl asparagines.(96,/0) In the 
same vein we have recently designed a new and more elaborated class of 
artificial C-glycosyl amino acids which display a nitrogenated heterocyclic ring 
holding the carbohydrate and amino acid moieties (Figure 2). Isoxazole, triazole, 
tetrazole, and pyridine moieties were envisaged as suitable linkers in this project 
owing to their easy construction via Huisgen cycloaddition and Hantzsch 
multicomponent reaction. Hence, the general strategy that we planned to follow 
consisted of the one-step generation of the heterocyclic ring from suitable 
reaction partners which in addition to a reactive functionality incorporated a 
sugar or amino acid residue. We envisaged the heterocycle ring in the 
constructed glycopeptides to serve as rigid and robust linker as well as an active 
site for molecular recognition processes through H-bonding and dipolar 
interactions. In addition, the efficient construction of the heterocycle-tethered 
glycosyl amino acid architecture would allow the preparation of a collection of 
strictly related compounds in which structural and stereochemical diversity can 
be explored by varying the nature of the sugar residue as well as its position in 
the heterocyclic rings. Indeed, the search for structural changes and new 
biological properties of peptides induced by introduction of non-natural 
heterocycle amino acid fragments has been actively pursued since several 
years.(//) 

A. Isoxazole-Linked C-Glycosyl a-Amino Acids 

Among the variety of 1,3-dipolar cycloadditions (Huisgen reaction),(/2) the 
thermally induced nitrile oxide-alkyne coupling to give substituted isoxazoles is 
one of the most powerful synthetic tool that has been exploited in a wide range 
of synthetic methodologies.(/5) A recent improvement of this reaction relies on 
the use of Cu(I)-catalyst to gain a full control of the regioselectivity.(/4) This 
promotes the cycloaddition to the status of a "click process". Hence, the 
isoxazole annulation from a sugar nitrile oxide and an ethynyl amino acid 
appeared a viable route to C-glycosyl isoxazole a-amino acids.(/5) The 
feasibility of this program relied on the prompt access to various glycosyl nitrile 
TV-oxides and their good reactivity with alkynes.(/<5) Accordingly, the in situ 
generation of C-galactosyl nitrile oxide 2a (from aldoxime la and N-
bromosuccinimide and then Et 3N) in the presence of excess (10 equiv.) of alkyne 
3 afforded the 3,5-disubstituted isoxazole 4a (H-4, 8 = 6.23 ppm, D M S O - ^ , 
120 °C) as the sole regioisomer, while the side-product was the nitrile oxide 
cyclic dimer, i.e. the sugar fiiroxan 7a (Scheme 1). Guided by earlier experience 
carried out in our laboratory on the transformation of the JV-BOC oxazolidine ring 
into the a-amino acid (glycinyl) group via acid catalyzed ring opening and Jones 
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O P G ' 0 N H P G 2 

(PG10)3 

PG = orthogonal protective groups 
n = 0, 1 
m = 0, 1 
X = C, O, S 

. N - 0 N = N N = N 

\J - KJ> V N
 N \ ^ N N 

Figure 2. Heterocycle-tethered C-glycosyl amino acids. 

oxidation of the alcohol intermediate, compound 4a was readily transformed by 
this one-pot reaction sequence into the corresponding a-amino acid 5a. This 
product was then isolated and characterized as the corresponding methyl ester 
6a. In order to demonstrate the potential of this glycosyl amino ester as an 
orthogonally protected substrate suitable for TV-Boc peptide synthesis, 
debenzylation of the carbohydrate fragment was carried out in high yield by 
hydrogenation over Pd(OH) 2 without affecting the reducing agent sensitive 
isoxazole ring. The whole procedure described above was successfully repeated 
starting from the C-glucosyl nitrile oxide 2b (Scheme 1). 

A more straightforward approach to C-glycosyl amino esters 6a and 6b was 
then optimized by using the readily available ethynyl functionalized amino ester 
8 as a partner of the 1,3-dipolar cycloadditions (1,3-DCRs) with sugar nitrile 
oxides. In fact, it was demonstrated that cyclocondensations of in situ generated 
nitrile oxides 2a and 2b with an excess of the alkyne 8 proceeded smoothly at 
room temperature furnishing the 3,5-disubstituted isoxazole 6a and 6b in good 
yield without any loss of stereochemical integrity at a-carbon of the glycinate 
moiety (Scheme 2). 

B. Triazole-Linked C-Glycosyl a-Amino Acids 

Another powerful reaction in the panoply of Huisgen 1,3-dipolar 
cycloadditions (72) is represented by the azide-alkyne coupling to give 1,2,3-
triazoles. This reaction, however, met with less success in synthetic methodology 
than the nitrile oxide-alkyne coupling very likely for two main reasons. One 
reason is the so called azidophobia, that is the reluctance of many researchers to 
use organic azides because of the explosive character of some of them, 
especially those with low molecular weight. Another reason which, however, is 
quite substantial is the low selectivity of the reaction when terminal alkynes are 
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Scheme I. Initial approach toward the synthesis of 
C-glycosyl isoxazole alanines. 
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Scheme 2. Optimized synthesis of C-glycosyl isoxazole alanines. 
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employed. In the event mixtures of 1,4- and 1,5-disubstituted triazole 
regioisomers are in general obtained. Nevertheless, we considered quite 
important to introduce the triazole ring as a linker in the designed non-natural 
glycosyl amino acids of our project because of the numerous properties of this 
heterocycle. This, in addition of being a site for the formation of hydrogen 
bonding due to the presence of three basic nitrogen atoms, is quite stable under a 
variety of reaction conditions. Moreover, not present in natural products, the 
triazole ring is remarkably stable to metabolic transformations, thus making the 
triazole ligation an ideal tool for the assembly of compounds for biological 
testing. In a first attempt of execution of our program we experienced the above 
mentioned shortcoming, i.e. the lack of regioselectivity, of the thermal azide-
alkyne coupling.(75) In the event the fusion process (120 °C) of a 1:1 mixture of 
the ethynyl C-galactoside 9a and the azide 10 afforded the 1,5- and 1,4-
disubstituted triazole regioisomers 11a and 12a respectively in 5:1 ratio and 
80% overall yield (Scheme 3). The structure of these compounds was assigned 
on the basis of their lH and 1 3 C N M R spectra.(77) 

After separation, the two regioisomers were submitted to the standard 
oxazolidine to glycinyl group unmasking procedure to give the corresponding C-
galactosyl triazole a-amino acids which were isolated as the methyl esters 13a 
and 14a. One of these compounds was debenzylated by hydrogenolysis over 
Pd(OH) 2, thus demonstrating the orthogonality of the whole set of protecting 
groups and the stability of the triazole ring. Similar results were obtained by 
coupling the perbenzylated ethynyl C-glucoside 9b with the azide 10 and 
subsequent elaborations as described above. While from the combinatorial 
synthesis viewpoint the above route can be regarded as an entry to pairs of 
regioisomers both showing interesting structures for biological testing, from the 
viewpoint of synthetic efficiency the disadvantage is apparent due to the need of 
a separation procedure. The control of the regiochemistry of the azide-alkyne 
cycloaddition in favor of the exclusive formation of the 1,4-disubstituted triazole 
regioisomer by Cu(I)-catalysis introduced independently by Sharpless (18) and 
Meldal (19) groups provides a simple solution to this longstanding problem. The 
use of this catalyst allows also performing the cycloaddition under mild 
conditions as well as with reduced reaction time while the yield becomes almost 
quantitative. Hence the azide-alkyne cycloaddition is considered the prototypical 
of the click reaction family as defined by Sharpless and his colleagues.(20) 
Accordingly, it was with our great delight that we observed that both the ethynyl 
C-glycosides 9a and 9b reacted readily with the azide 15 bearing the unmasked 
glycinate moiety in toluene at room temperature in the presence of Cul and the 
Hunig base diisopropylethyl amine (DIPEA) to give in one-step high yields of 
the corresponding C-glycosyl a-amino esters 14a and 14b tethered by the 1,4-
disubstituted triazole ring (Scheme 4). 

To broaden the scope of the azide-alkyne ligation for C-glycosyl-triazole 
amino acid synthesis, the need for selective access to 1,5-disubstituted triazole 
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Scheme 3. Initial approach toward synthesis of C-glycosyl triazole alanines. 

regioisomers became apparent. To this end we considered performing the 
cycloaddition in the presence of ruthenium catalysts that have been used by 
Fokin and Jia and their colleagues to control the 1,5-regioselectivity in triazole 
synthesis from azide-alkyne coupling.(2/) Hence, optimal reaction conditions 
previously reported by these authors for the ruthenium-catalyzed cycloaddition 
of simple alkynes and azides were initially applied to the cycloaddition of more 
sophisticated reagents such as 9a and 15. Quite disappointingly, the use of 
Cp*RuCl(PPh 3) 2 catalyst (1 mol%), i.e. the pentamethyl analogue of less 
effective CpRuCl(PPh 3) 2 catalyst, in benzene at ambient temperature for 24 h or 
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Scheme 4. Regioselective synthesis of C-glycosyl 1,5-and 1,4-triazole alanines. 

at 80 °C for 2 h resulted in the isolation of unreacted components and a mixture 
of 1,4- and 1,5 regioisomers 13a and 14a (20% overall yield), respectively. 
Furthermore, utilization of a slightly higher loading of the catalyst (5 mol%) as 
well as application of longer reaction times produced similar unsatisfactory 
results. Fortunately enough, a suitable reaction window was found by performing 
the cycloaddition of 9a and 15 in benzene at 80 °C for 4 h in the presence of 30 
mol% of Cp*RuCl(PPh 3) 2 catalyst (Scheme 4). In fact, under these optimal 
conditions the 1,5-disubstitued triazole cycloadduct 13a was isolated in good 
yield (78%) as the sole regioisomer. Similar results were then reproduced for the 
cycloaddition of C-glucosyl alkyne 9b and azide 15 to give the amino ester 13b 
(Scheme 4).(22) 

C. Tetrazole-Linked C-Glycosyl a-Amino Acids 

A difference in structure and activity of glycosyl amino acids with an azole 
linkage as well as glycopeptides derived therefrom may arise from the 
position/number of nitrogen atoms in the azole ring as well as the subtle changes 
in the electronic character of the heterocycle.(2i) This suggested the 
introduction of a more densely nitrogenated heterocycle than the triazole ring. 
Therefore the use of tetrazole appeared to be quite appropriate. Moreover, the 
tetrazole moiety is quite stable under a variety of reaction conditions and can 
serve as metabolically stable surrogate for a carboxylic or amide group.(24) 
While the preparation of a small collection of C-glycosyl tetrazole amino acids is 
still underway, results have been obtained that indicate the feasibility of the 
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synthesis of these compounds.(25) The viable and simplest tetrazole synthesis is 
provided by the Huisgen-type azide-nitrile 1,3-dipolar cycloaddition.(/2) The 
scope and efficiency of this reaction, however, are limited due to the need of 
using nitriles activated by strong electron-withdrawing groups and harsh reaction 
conditions. While the former point still remains a major drawback for this 
transformation, safety concerns have been recently addressed by Vilarrasa and 
Bosch, who reported on the first tentative metal-catalyzed "click" protocol for 
the organoazide-nitrile coupling.(2tf) These authors found that simple 1,5-
disubstitued tetrazole derivatives can be prepared in excellent yields in 
dichloromethane at ambient temperature in the presence of 1-10 mol% of soluble 
Cu 2(OTf)2 C 6 H 6 catalyst, while 1,4-disubstituted tetrazoles are obtained as major 
regioisomers under heterogeneous conditions with 50-100 mol% of the same 
catalyst. Foregoing work in Sharpless (27) and our own laboratories (28) solved 
the problem of azide-nitrile ligation of more complex substrates. A two-step 
reaction sequence has been developed involving the cycloaddition of azides with 
an activated nitrile such as /?-toluensulfonyl cyanide and then substitution of the 
tosyl group in the tetrazole thus formed by a suitable nucleophile. On applying 
this strategy to the synthesis of C-glycosyl tetrazole amino acids, we reacted the 
galactosylmethyl azide 16 with p-toluensulfonyl cyanide in the absence of 
solvent to give the 1,5-disubstituted tetrazole 17 (Scheme 5). This was reacted 
with the alcohol 18, a masked serine form, under basic conditions to give the 
product 19 from which the amino ester 20 was unmasked by the aforementioned 
N-Boc oxazolidine ring cleavage and esterification. The quantitative removal of 
the benzyl groups (Pd(OH) 2/H 2) from the carbohydrate moiety of 20 
demonstrated the orthogonality of protective groups and the stability of the 
tetrazole ring. This reaction sequence appeared to be equally viable by using the 
thiol 21 as nucleophile (Scheme 6). In this way the C-galactosylmethyl tetrazole 
cystein 22, i.e. the S-isostere of the amino ester 20 was prepared.(25) 

D. Pyridine-linked C-Glycosyl a-Amino Acids 

In earlier work from our laboratory we demonstrated the efficiency of the 
Hantzsch cyclocondensation for the synthesis of pyridine glycoconjugates and 
pyridylalanines.(2P) To this end the dihydropyridine ring was constructed by the 
three-component thermal coupling comprising the aldehyde-ketoester-enamino 
ester system wherein one of the reagents was bearing a carbohydrate or amino 
acid fragment. The facile dehydrogenation of the dihydropyridine led to the 
target substituted pyridine. Consequently, we envisaged an entry to C-glycosyl-
pyridine amino acids by the same Hantzsch-type pyridine synthesis using the 
above triad of reagents, one of which being decorated with the carbohydrate unit 
and the other with the amino acid group. While the design and synthesis of 
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individual reagents have been reported in detail,(J0) the essential of the results 
obtained thereafter are presented here. 

A suitable substrate combination to perform the one-pot Hantzsch reaction 
was constituted of the C-galactosyl acetaldehyde 23, the ketoester 24 
functionalized with the protected glycinyl group, and ter/-butyl aminocrotonate 
25 (Scheme 7). The cyclocondensation of these reagents took place in f-BuOH at 
70 °C to give after 24 h the carbohydrate and amino acid decorated 
dihydropyridine 26 as a mixture of diastereoisomers in fair yield (route A). This 
mixture was transformed into the target C-galactosyl-pyridine amino ester 27, 
i.e. a pyridine-2-alaninate, by oxidation with pyridinium chlorochromate (PCC). 
The formation of a single final product demonstrated that the configuration of 
the anomeric center of the carbohydrate residue as well as of the asymmetric 
carbon of the glycinyl group remained unaltered throughout the whole reaction 
sequence. 

BnO OBn 

uCo 
B n O \ ^ > i ^ C H O BnO 

23 

f-Bu02C f-BuOH, 70 °C BnO 

Me0 2C 'NHBoc H2N Me 

24 25 
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Q-S03H(A-15) 

Q-NMe3 OH 
(Ambersep) 
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Scheme 7. Optimization of reaction conditions for the synthesis of 
4-(C-glycosylmethyl)-2-(alaninyl)~pyridines. 
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Substantial improvement to the method efficiency was achieved by 
executing the cyclocondensation under M W irradiation and then performing 
product purification and oxidation using polymer supported sequestrants 
(Scheme 7, route B). M W irradiation at 120 °C reduced the cyclocondensation 
time from 24 to 1.5 h. Then, the reaction mixture was treated with a mixed-resin 
bed constituted of three polymer-bound reagents which were chosen as specific 
scavengers of unreacted material and side products. Specifically: (i) the 
supported sulfonic acid A-15 removed the residual enamine, (ii) the strong base 
Ambersep sequestered the ketoester, and (iii) the aminomethylated polystyrene 
(AM-resin) subtracted the aldehyde. This supported amine removed also the 
Knoevenagel adduct that was formed as initial condensation product between the 
aldehyde and the ketoester. After filtration of the resins, the diastereomeric 
dihydropyridines were oxidized to pyridine with PCC supported on silica gel. 
The overall yield of the isolated amino ester 27 was much higher than that 
registered in the two-step procedure (route A). 

A different reagent combination was employed to prepare a regioisomer of 
27, i.e. the C-glycosyl pyridine-4-alaninate 30 (Scheme 8). The reagents 
employed were the aspartate semialdehyde 28, the glycosylated ketoester 29, and 
the already exploited valuable aminocrotonate 25. This reaction was carried out 
under M W irradiation and processed using the same orchestrated sequence of 
polymer supported reagents illustrated in Scheme 7. The target amino ester 30 
was isolated in 68% yield. 

The efficiency of the routes illustrated in Schemes 7 and 8 was validated by 
preparation of other amino acids so that a collection of eight compounds shown 
in Figure 3 was obtained in which the elements of diversity were: (i) the galacto 
and gluco configurations of the pyranose ring, (ii) the a- and P-configurations at 
the anomeric center, and (iii) the positions of the carbohydrate and amino acid 
residues in the pyridine ring. 

E. Pyridine-Linked C-Glycopeptides 

In order to demonstrate the potential of the sugar amino esters presented in 
Figure 3 as orthogonally protected building blocks suitable for the co-
translational synthesis of non-natural glycopeptides, the product 27 was selected 
as a prototype in this crucial validating test (Scheme 9). To this end, this 
compound was duly modified by selective hydrolysis of the ester functionality of 
the glycinyl group under very mild conditions (LiOH in THF at 0 °C). Then, the 
JV-BOC protected pyridylalanine 37 obtained in this way was condensed with H -
Phe-OEt under activation by (benzotriazol-l-yloxy)tripyrrolidino-phosphonium 
hexafluorophosphate (PyBOP) and the presence of DIPEA. This initial coupling 
step afforded the dipeptide 38. The removal of the N-Boc group in this 
compound under mild acid conditions (diluted TFA) liberated the N H 2 group 
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Scheme 8. Optimized conditions for the synthesis of 
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Figure 3. Pyridine-tethered C-glycosyl alanines prepared by 
Hantzsch three-component reactions. 
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that was used in the condensation with Boc-Ala-OH under the same coupling 
conditions illustrated above. The tripeptide 39 featuring a pendant 
galactosylmethyl residue linked through a rigid pyridine ring to the peptide 
backbone was isolated in 65% yield. 

BnO ,OBn 

BnO. 
BnO 
f-Bu0 2 C 

C0 2f 
BnO OBn 

?-Bu L \ ^ 
H-Phe-OEtHCI D _ 

M e PyBOP, DIPEA B n ° 

C02/-Bu 
Me 

CH2CI2 ) rt 

LiOH 
THF, 0 °C 

95% 

C0 2R 

NHBoc 

I— 27 (R = Me) 

. 37 (R = H) 

80% 
C0 2Et 

65% 

BnO PBn 

BnO 

1. TFA-CH2CI2 

2. Boc-Ala-OH 
PyBOP, DIPEA 
CH2CI2, rt 

BocHN 

Scheme 9. Di- and tripeptide with embodied C-galactosylmethyl pyridylalanine. 

Conclusions 

We have reported in this short account some of our recent work that 
culminated with the synthesis of four types of carbohydrate-heterocycle-amino 
acid hybrids. The heterocycles that were considered as stable linkers of the two 
bioactive moieties were the heteroaromatic five- and six-membered ring 
isoxazole, triazole, tetrazole, and pyridine. In all cases the carbohydrate unit was 
anomerically bound to the heterocycle through a carbon-carbon bond. These 
compounds were prepared with the final goal to be introduced in glycopeptides. 
The main idea that spurred us to develop efficient entries to this new class of C-
glycosyl amino acids is the involvement of the nitrogenated heterocycle ring in 
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structure modification of peptides as well as molecular recognition processes. 
The confirmation of this hypothesis indicates the direction for future research. 
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Chapter 3 

Asymmetric Synthesis of Amino Acids 
with a Tetrasubstituted Carbon Center via 

Memory of Chirality 

Takeo Kawabata 

Institute for Chemical Research, Kyoto University, Uji, 
Kyoto 611-0011, Japan 

Asymmetric synthesis of amino acid derivatives with a 
tetrasubstituted carbon center via memory of chirality is 
described. Intermolecular and intramolecular alkylation of α-
amino acid derivatives proceeded highly enantioselectively in 
the absence of external chiral sources. The key intermediates 
for the asymmetric induction were chiral enolates with 
dynamic axial chirality. 

1. Introduction: Memory of Chirality 

The structure of enolates was long believed to be achiral because all four 
substituents are on the same plane as the enolate double bond. However, we had 
proposed the intrinsic chirality of enolate structures as shown in Figure 1 (1,2). 
Enolate 1 has axial chirality along the C(l)-C(2) axis and 2 has planar chirality 
comprising the enolate plane and a metal cation. Racemization of these chiral 
enolates readily takes place through rotation of the C(l)-C(2) or C ( l ) - 0 bond 
for 1 and 2, respectively. Only for a limited time, these enolates can exist in 
chiral nonracemic forms. Because the chiral properties of these enolates are 
time- and temperature-dependent, we prefer to call this type of chirality 
"dynamic chirality" rather than conformational chirality. An asymmetric 
transformation based on dynamic chirality of the enolate structure is shown in 
Scheme 1. In order to realize an asymmetric transformation via the chiral 
enolate of type 1, chiral ketone 3 was designed that would generate an axially 
chiral enolate 5 with relatively long half-life to racemization due to the restricted 
rotation of the C(l)-C(2) bond.2 Treatment of 3 with potassium hydride in the 
presence of alkyl halide and 18-crown-6 gave optically active 4 in 48 ~ 67% ee. 
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Intervention of the chiral enolate intermediate with the chiral C(l)-C(2) axis (5) 
was suggested by an isolation of chiral nonracemic enol ether 6 of 43% ee. The 
enantiomeric purity of 6 decreased gradually at 21 °C (t[/2 = 53 min, ^G* 2 94 = 22.6 
kcal/mol). Direct HPLC analysis of the reaction mixture showed that ee of 6 was 
at least 65% in the reaction medium below -20 °C. Thus, the chiral information of 
3 appears to be memorized in the enolate intermediate 5 as dynamic axial chirality 
and then regenerated as central chirality in the product 4 (3,4). 

axially chiral enolate 

\ RI _ I^OMVX I V M Q J _^R1 / 

Y J Y 
1 ' ent-\ 

planar chiral enolate 
M = M 

2 1 ent-2 

Figure 1. Dynamic Chirality of Enolate Structure 

2. Strategy for Asymmetric a-Alkylation of a-Amino Acids 
via Memory of Chirality 

Nonproteinogenic ct,a-disubstituted-a-amino acids have attracted 
considerable attention because of their utility as conformational modifiers of 
biologically active peptides and as enzyme inhibitors (5). Typical methods for 
their asymmetric synthesis involve chiral auxiliary-based enolate chemistry 
(6,7). However, the most straightforward method for their synthesis would 
involve asymmetric a-alkylation of the parent a-amino acids without the aid of 
external chiral sources such as chiral auxiliaries or chiral catalysts. Since both 
L— and D-a-amino acids are readily commercially available, the synthetic route 
shown in Scheme 2 seems most attractive for the purpose. This process, 
however, usually gives racemic ct-alkylated products from either L - or 
D-a-amino acids because the enolate formation eliminates the chiral 
information at C(2) and an achiral enolate common to both L - and D-series is 
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formed (A = B). If the chirality of the starting materials is preserved in the 
enolate intermediate, L - and D-a-amino acids should give optically active L -
and D - (or D - and L - ) a,a-disubsituted a-amino acids. Enolates derived from 
protected a-amino acids are expected to have dynamic chirality (Figure 2). As 
shown in C, an enolate with axial chirality along the C ( l ) - N axis is expected 
when R 3 is different from R 4 . An enolate with a chiral nitrogen atom is shown 
in D, where tight coordination of nitrogen to a metal cation creates a stereogenic 
nitrogen atom (8). An enolate with planar chirality comprising the enolate plane 
and a metal cation (E) is also possible. The choice of R 3 and R 4 in C, D, or E 
was expected to be the key for the generation of a chiral enolate, so the effects 
of the nitrogen substituents of phenylalanine on asymmetric alkylation were 
investigated in Chapter 3. 

3. Asymmetric Intermolecular a-AIkylation of a-Amino Acids 
via Memory of Chirality 

Based on the hypothetical enolate chirality shown in Figure 2, the effects of 
the nitrogen substituents of phenylalanine on asymmetric alkylation were 
thoroughly investigated, and selected examples were shown in Table I. Among 
several phenylalanine derivatives screened, compounds bearing an 
alkoxycarbonyl group on the nitrogen underwent a-methylation with significant 
asymmetric induction (entries 4-6). Existence of two substituents on the 
nitrogen seems promising for the asymmetric induction (entries 1 vs. 6). Since 
an alkoxycarbonyl group appears critical in the asymmetric induction, 
phenylalanine derivatives possessing /-butoxycarbonyl (Boc) group and the 
other substituent on the nitrogen were investigated (Table II). N-Me-TV-Boc 
derivative 9a was found to give the corresponding a-methylated product 10a of 
82% ee in 40% yield by treatment with lithium 2,2,6,6-tetramethylpiperidide 
(LTMP) followed by methyl iodide (entry 1). Although high asymmetric 
induction was achieved in the absence of external chiral sources (9), this 
procedure had drawbacks from the low chemical yield and the property of the 
TV-Me group that is hardly removable. Other nitrogen substituents and 
conditions for asymmetric induction were further investigated (entries 2-8). 
The best result was obtained with N-methoxymethyl(MOM)-jV-Boc derivative 
9d. Treatment of 9d with potassium hexamethyldisilazide (KHMDS) in 
toluene-THF (4:1) at -78 °C for 30 min followed by the addition of methyl 
iodide afforded lOd in 96% yield and in 81% ee (entry 8). Use of a toluene-
THF (4:1) mixture as a solvent is crucial for both high yield and 
enantioselectivity (entries 6-8). a-Methylation of other a-amino acids with 
A^-MOM-yV-Boc substituents was carried out (Table III). a-Amino acid 
derivatives with aromatic side chains (9d, 11,13,15, and 17) as well as aliphatic 
side chains (19 and 21) underwent a-methylation in a highly enantioselective 
manner (76 ~ 93% ee) and in good yields (78 ~ 96%). Removal of the 
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protective groups of lOd, 14, 20, and 22 was readily accomplished in one step 
by treatment with 6 M aq HC1 to give the corresponding a-methyl a-amino 
acids in 51 ~ 86% yields. Conversion of 16 into a-methyldopa was 
accomplished in the following three-step sequence, since the treatment of 16 
with 6 M HC1 gave the corresponding tetrahydroisoquinoline derivative: 1) 
TMSBr / Me 2 S, 2) 1 M NaOH, 3) 47% aq HBr. 

Table I. Effects of Nitrogen Substituents on Asymmetric a-Methylation of 7 

Ph-, ^ \ . C 0 2 M e D h / \ ^ C 0 2 M e 
1 Y i) base, THF,-78 °C t

 P h ^ 
Nk i i ) M e I , - 7 8 ° C - r t Me N " R * 

K R 
7 8R1 

entry R 1 Rl base yield (%) ee (%) 
1 H C 0 2 ' B u L D A 57 ~0 
2 Me CH 2 Ph L D A 45 ~0 
3 Me COPh L D A 50 12 
4* Me C 0 2 C H 2 P h L H M D S 40 26 
5 Me C 0 2 A d c L H M D S 38 35 
6 Me C 0 2 / - B u L H M D S 30 36 

a) Lithium hexamethyldisilazide. b) Run in THF-DMF (10:1). c) 1-Adamantyl ester. 

Table II. Asymmetric a-Methylation of N-Boc-Phenylalanine Derivatives 9 
via Memory of Chitality 

P h ^ Y C ° 2 E t i) base, THF,-78 °C ^ C 0 2 E t 

R Boc 
9 

ii) Mel, -78 °C Me N - R 

10 ^ 

entry R substrate base product yield (%) ee (%) 

1 Me 9a L T M P " 10a 40 82 
2 C H 2 O C H 2 C H 2 O M e 9b L T M P " 10b 51 10 
y C H 2 O C H 2 C H 2 O M e 9b K H M D S * 10b 79 73 
4 CH 2 CH=CH 9c L T M P " 10c 24 54 
5C CH 2 CH=CH 9c K H M D S ' ' 10c 66 31 
6 CH 2 OMe 9d K H M D S * lOd 93 36 
ld C H 2 O M e 9d K H M D S * lOd 47 75 
8C CH 2 OMe 9d K H M D S * lOd 96 81 

a) Lithium 2,2,6,6-tetramethylpiperidide. b) Potassium hexamethyldisilazide. c) Run in 
toluene-THF (4:1). d) Run in toluene. 
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Table III. Asymmetric a-Methylation of N-Boc-N-MOM-a-Amino Acid 
Derivatives* via Meomory of Chirality 

R N . C 0 2 E t j) KHMDS / toluene-THF (4 : 1) R ^ X C ^ E t 

Me'' N-MOM 
i 

Boc 
• N x ii) Mel, 

MOM Boc 
-78 °C 

R ^ X C ^ E t 

Me'' N-MOM 
i 

Boc 

entry R substrate* product yield (%) ee (%)c 

1 P h C H 2 - 9d lOd 96 81(S) 

2 N Q ^ C H 2 -
f-Buoccr ^ 

11 12 83 93 N Q ^ C H 2 -
f-Buoccr ^ 

3 M e O C H 2 0 - ^ y - C H 2 -

MeO 

13 14 94 79(5) 

4 M e O - Y ~ V - C H 2 -

f ^ v - r C H 2 " 

15 16 95 80(5) 

5 w 
CH 2 OMe 

17 18 88 76 

6 Me 2CH - 19 20 81 87(5) 
7 Me 2 CHCH 2 - 21 22 78 78(5) 

a) A substrate was treated with 1.1 mol eq of KHMDS in toluene-THF (4:1) at -78 °C for 
30 min (for 9d, 11, 13, 15, and 17) or 60 min (for 19 and 21) followed by 10 mol eq 
of methyl iodide for 16 - 17 h at -78 °C. b) Ee of each substrate is > 99%. c) 
Determined by HPLC analysis with chiral stationary phases. A letter in the parenthesis 
indicates the absolute configuration. 
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The stereochemical course of the ct-methylation was retention in each case. 
The degree of asymmetric induction in the ot-methylation was comparable 
among several different amino acids. This implies that the M O M and Boc 
groups at the nitrogen have a decisive effect on the stereochemical course of the 
reactions (10). 

4. Mechanism for Asymmetric Intermolecular Alkylation via 
Memory of Chirality 

A possible rationale for the present asymmetric induction involves 
participation of a mixed aggregate F in which the undeprotonated starting 
material acts as a chiral ligand of the potassium cation of the achiral enolate. To 
test the feasibility of F, a cross-over experiment between 9d and 13 was done. 
A 1 : 1 mixture of racemic 9d and 6S)-13 (>99% ee) was treated with K H M D S 
(1.1 equiv of the total amount of 9d and 13) followed by methyl iodide 
according to the protocol in Table III, affording racemic lOd (79% yield) and 
(5)-14 (74% ee, 79% yield). This clearly indicates that F is not responsible for 
the asymmetric induction. 

The structure and chiral properties of the enolate intermediate were then 
investigated. Treatment of 9d with K H M D S (1.1 equiv) in toluene-THF (4:1) at 
-78 °C for 30 min followed by /-butyldimethylsilyl (TBS) triflate gave Z-enol 
silyl ether 23 and its £-isomer 24 in 56% and 27% yield, respectively (Scheme 
3). Each of them exists as a mixture of JV-BOC E/Z isomers; 4:1 for 23 and 5:1 
for 24. In the lH N M R spectra of both 23 and 24, the methylene protons of the 
M O M groups appeared as A B quartets, which indicates the restricted rotation of 
the C ( l ) - N bonds. The rotational barrier of the C ( l ) - N bond of the major 
Z-isomer 23 was determined to be 16.8 kcal/mol at 92 °C by variable-
temperature N M R measurements in ^-toluene (400 M H z ! H N M R , JAB = 9.9 
Hz, z l v A B = 228.4 Hz, Tc = 365 K). The restricted bond rotation brings about 
axial chirality in 23 (chiral C(l)-N axis). The half-life to epimerization of 23 
was estimated to be 5 x 10"4 sec at 92 °C and ca. 7 days at -78 °C from the 
rotational barrier (//). This implies that the corresponding potassium enolate 
could also exist in an axially chiral form with a relatively long half-life to 
racemization at low temperatures. When 9d was treated with K H M D S for 30 
min at -78 °C, the reaction of the resulting enolate with methyl iodide gave lOd 

OEt O'Bu 
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in 81% ee (Table III, entry 1). On the other hand, lOd of 36% ee was obtained 
by 24-h base treatment. These results indicate that racemization of the enolate 
intermediate took place. The barrier to racemization was determined through 
the periodic quench of the enolate intermediate generated at -78 °C with methyl 
iodide. Figure 3 plots the logarithm of the relative ee's of lOd as a function of 
time for base-treatment of 9d and indicates a linear relationship between them 
(r2= 0.99), although the enolate is a 2 : 1 mixture of the Z - and £-forms. This 
suggests that the rates of racemization of the Z - and £-enolates are close to 
each other. The barrier was calculated from the slope (2k = 5.34 x 10~ 4min _ i) to 
be 16.0 kcal/mol at -78 °C, which matches well the rotational barrier (16.8 
kcal/mol) of the C ( l ) - N bond of 23. This suggests that the chirality of the 
potassium enolate also originates in the restricted rotation of the C ( l ) - N bond. 
Thus, a chiral nonracemic enolate with dynamic axial chirality (G) is suggested 
to be the origin for the asymmetric induction. The half-life to racemization of 
the chiral enolate G was 22 h at -78 °C, which is long enough for the chiral 
enolate to undergo asymmetric methylation (10). Support for the intervention of 
the axially chiral enolate intermediate was obtained from the reactions of 25 
(Scheme 4). The N-di-Boc derivative 25 (>99% ee) gave racemic 26 in 95% 
yield by the treatment with K H M D S in toluene-THF at -78 °C. This result is 
consistent with the conclusions above, since the intermediary enolate generated 
from 25 can not be axially chiral along the C( l ) -N axis. 

The stereochemical course (retention) of the transformation of 9d into lOd 
may be explained by assuming (Scheme 5): 1) deprotonation occurs from the 
stable conformer H (9d)12 where the C(a)-H bond is eclipsed with the N-C 
(MOM) bond to produce enantiomerically enriched chiral enolate G, and 2) an 
electrophile (methyl iodide) approaches from the sterically less demanding face 
(MOM) of the enolate double bond of G. When deprotonation takes place from 
the other stable conformation I (9d), where the C(ct)-H bond is eclipsed with the 
N-C(Boc) bond, enolate ent-G would be produced. This leads to (ft)-10d via 
electrophilic attack from the face of the M O M group. The difference in potential 
energies between H and I is estimated to be small (-1.0 kcal/mol) (12). Thus, 
the deprotonation step should critically affect the enantioselectivity (G/ent-G 
ratio) of formation of the chiral enolate. Table III shows that the enantio
selectivity of a-methylation is comparable among several a-amino acid 
derivatives irrespective of the side-chain structure. These results indicate that the 
difference in satiric bulk between Boc and M O M groups is essential for 
asymmetric induction. 

5. Asymmetric Intramolecular a-Alkylation of a-Amino Acids 
via Memory of Chirality 

Application of the principle of memory of chirality to intramolecular 
alkylation of a-amino acid derivatives would provide a concise access to cyclic 
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(S>23 (tf)-23 

Scheme 3. Dynamic Axial Chirality of 23 

0 500 1000 
11 min 

Figure 3. Measurement of the racemization barrier of chiral enolate G: Plot 
of logarithm of the relative ee value of lOd (In ee° / ee') versus time (t) for 

KHMDS treatment of 9d. ee° : The ee value of lOd obtained by the reaction of 
the enolate immediately after its generation from 9d and KHMDS with methyl 

iodide, ee1: The ee value of lOd obtained by the treatment of 9d with 
KHMDS for the time indicatedfollowed by addition of methyl iodide. 
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Scheme 4. Effects of the Nitrogen Substituents on Asymmetric Alkylation 
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Scheme 5. Stereochemical Course of Asymmetric Alkylation via 
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amino acids with a tetrasubstituted stereo-center (Scheme 6). Cyclic amino 
acids are of increasing interest in the life-science industry (13). Incorporation of 
these compounds into peptides induces conformational constraint, and it 
provides an important tool for studying the relationships between peptide 
conformation and biological activity and for probing biological processes 
including protein folding (14). Cyclic amino acids with a tetrasubstituted stereo-
center constitute a new class of non-natural amino acids with an even more 
constrained conformation (15). The simplest and ideal access to these molecules 
seems to involve asymmetric intramolecular alkylation of a-amino acid 
derivatives as shown in Scheme 6. However, such a route has rarely been 
examined, probably because of the anticipated production of racemic products 
due to a loss of chirality during the enolization step. Stoodley and co-workers 
reported an intramolecular reaction of an axially chiral enolate with an 
electrophilic diazo group to give l,4,5-triazabicyclo-3-nonenes with retention of 
configuration.4 a , b Enantioselective p-lactam synthesis has been reported based 
on memory effect of chirality of the parent amino acids (16). Here, asymmetric 
cyclization of a-amino acid derivatives according to the strategy in Scheme 6 is 
described. This provides a concise access to a variety of aza-cyclic amino acids 
with a tetrasubstituted stereo-center of high enantiomeric purity (17). 

Scheme 6. Strategy for Asymmetric Cyclization via Memory of Chirality 

The conditions for enantioselective cyclization were examined (Table IV). 
To preserve chirality during enolate formation and subsequent C-C bond 
formation, the choice of the protecting group on the nitrogen of a-amino acids is 
critical as already described in Table I. N-Boc-A^3-bromopropyl)-phenyl-
alanine derivative 27 was chosen as a precursor for the asymmetric cyclization 
because N-Boc group was essential for the generation of a chiral nonracemic 
enolate intermediate in the previously described intermodular alkylation of a-
amino acid derivatives (Chapter 3). Substrate 27 was prepared from (S)-
phenylalanine ethyl ester through N-alkylation with 3-bromo-l-propanol, 
introduction of a Boc group to the nitrogen, and conversion of the hydroxy 
group into bromine without loss of enantiomeric purity (>99% ee). Treatment 
of 27 with K H M D S in THF at -78 °C gave a-benzylproline 28 in 47-98% ee 
(entries 1-3). Contrary to the asymmetric intermolecular alkylation of a-amino 
acid derivatives (Table II), polar solvent gave higher enantioselectivity. The 
reaction of 27 in DMF-THF (4:1) gave 28 in 98% ee and 94% yield with 
retention of configuration (entry 3). 
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Ph 

Table IV. Asymmetric Intramolecular Alkylation of 27 

^ ^ C 0 2 E t 0Br-(CH2) rOH,K2CO3 C02Et Table IV PK ? ° 2 B 

i Y ^ 
NH3CI ii) (Boc)20, ,-Pr2NEt a ^ v v 

iii)CBr 4,PPh 3 2 ?

 B 0 C

 2 8 

63% overall 

entry base" solvent temp, time yield (%) ee*c(%) 
1 K H M D S THF -78 °C, 30 min 92 89 
2 K H M D S toluene -78 °C, 2 hr 92 47 
3 K H M D S DMF-THF (4:1) -60 °C, 30 min 94 98 
4 L H M D S DMF-THF (4:1) -60 °C, 30 min 60 77 
5 L T M P DMF-THF (4:1) -60 °C, 30 min ~0 -

a) 1.2 Equivs. of base were used, b) (5)-Isomer was obtained in every entry, c) 
Determined by HPLC analysis. 

Table V. Asymmetric Cyclization of a-Amino Acid Derivatives' 

C0 2 Et 
R s X O z E t KOH R .„.L-—N 

N DMSO J (.CH2)n 

Boc" , N"(CH 2) n-X 20 °C B o c " V _ y 

entry substrate R n X 
time 
(h)6 product 

yield 
(%) 

ee 
(%)c 

1 37 PhCH 2 2 Br 2 38 82 99 (/?) [95] 
2 45 M e S C H 2 C H 2 2 Br 1 46 85 99 (5) [97] 
3 50 M e 2 C H 2 Br 3 51 79 99 
4 27 PhCH 2 3 Br 2 28 91 99 (5) [98] 
5 31 M e S C H 2 C H 2 3 Br 2 32 91 98 (5) [97] 
6 33 M e 2 C H 3 Br 2 34 94 98 [94] 
7 39 PhCH 2 4 Br 12 40 73 90 [97] 
8 52 M e 2 C H 4 Br 17 53 74 94 
9 54 M e S C H 2 C H 2 4 Br 4 55 86 88 
10 56 PhCH 2 4 1 2 40 97 97 
11 57 M e 2 C H 4 I 8 53 90 98 
12 58 M e S C H 2 C H 2 4 1 3 55 89 97 

a) A mixture of a substrate (0.25 mmol) and powdered KOH (prepared from 85% 
commercial KOH pellets from nacalai tesque, 0.75 mmol) in dry DMSO (anhydrous 
DMSO (H 20 < 0.005%) from Aldrich, 2.5 mL) was stirred vigorously at 20 °C for the 
time indicated in the Table, b) Time required for the consumption of the starting material 
checked by TLC. c) Ee of the corresponding jV-benzoate determined by HPLC analysis. 
A letter in the parenthesis indicates the absolute configuration. Numbers in the brackets 
indicate ee of the product obtained by the reaction with KHMDS in DMF at -60 °C. 
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Examples of asymmetric cyclization of various amino acid derivatives via 
enantioselective intramolecular C-C bond are shown in Table V . Five-
membered cyclization of phenylalanine, tyrosine, methionine, valine, and 
alanine derivatives took place by treatment with K H M D S in DMF-THF (4:1) at 
-60 °C for 30 min to give a-substituted prolines in 94-98% ee (entries 1-5). 
The four- and six-membered cyclization of phenylalanine derivatives 37 and 39 
took place in high enantioselectivity to give azetidine 38 and piperidine 
derivatives (40) in 95% and 97% ee, respectively (entries 6 and 7). On the other 
hand, seven-membered cyclization took place in moderate enantioselectivity due 
to the slow rates of cyclization (entries 8-9). Treatment of 41 with K H M D S in 
DMF-THF (4:1) at -60 °C for 30 min gave azepane 42 in only 31% yield and in 
83% ee, while prolonged reaction time (2h) gave 42 in 61% yield in the 
diminished enantioselectivity of 72% ee. The stereochemical course of the five-
membered cyclization of 27 and 35 and the seven-membered cyclization of 41 
was proven to be retention in each case. 

6. Mechanism for Asymmetric Cyclization of a-Amino Acid 
Derivatives 

A possible mechanisms for the asymmetric cyclization of 27 are shown in 
Scheme 7. Axially chiral enolate K may be responsible for the asymmetric 
induction according to the asymmetric intermolecular alkylation via memory of 
chirality (Chapter 4). Alternatively, concerted S E i process as shown in J might 
be possible. However, the latter (J) seems not feasible because N-b'\s~ 
bromopropyl derivative 43 gave racemic 44 upon treatment with K H M D S 
(Scheme 8). This indicates critical importance of a chiral enolate intermediate 
for the asymmetric induction, since the enolate generated from 43 cannot be 
axially chiral along the C-N axis. 

A conformational search of 27 gives two stable conformers 27A and 27B 
(Scheme 9) (18). Deprotonation of conformer 27A with K H M D S ( M + R 2 N " 
=KHMDS), where the C(a)-H bond is eclipsed with the N - C ( C H 2 C H 2 C H 2 B r ) 
bond, via transition state X (M=K) would give an enantiomerically enriched 
enolate K with a chiral C-N axis, which undergoes intramolecular alkylation to 
give 28 with a total retention of configuration. Deprotonation of conformer 
27B, where the C(a)-H bond is eclipsed with the N-C(Boc) bond, to give ent-K 
seems unfavorable due to the steric interaction between K H M D S and the Boc 
group. This rationale is consistent with the observed solvent effects (Table IV, 
entries 1-3), since deprotonation of 27B via chelation of the Boc-carbonyl group 
with a metal cation (transition state Y, M=K) becomes more significant in less 
coordinative solvents, resulting in decreased enantioselectivity. Enantio
selectivity in seven-membered ring formation depends on the reaction time 
(Table V , entries 8 and 9). This seems to be due to the partial racemization of a 
chiral enolate intermediate during relatively slow seven-membered-ring 
cyclization. The ee of the recovered 41 indicates time-dependent racemization 
of the intermediary enolate (Table V , footnotes e and f). 
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Scheme 7. Possible Mechanisms for Asymmetric Cyclization 

Scheme 8. Effects of Nitrogen Substituents on Asymmetric Cyclization 
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7. Stereochemical Diversity in Asymmetric Cyclization 

Asymmetric cyclization of 27 proceeded in the diminished 
enantioselectivity in retention of configuration in less polar solvents (Table IV, 
entries 1-3). This could be explained by increasing extent of transition state Y 
(Scheme 9), which gives the product in inversion of configuration due to the 
favorable chelating of the Boc-carbonyl group with potassium cation (M=K) in 
less polar solvent. This rationale prompted us to investigate a hypothesis that 
enforcing chelation by the use of a lithium cation in less coordinative solvents 
should make transition state Y dominant and give the product with inversion of 
configuration. According to this hypothesis, the asymmetric cyclization of 27 
with lithium amide bases was investigated (Table VI, entries 2-7). Treatment of 
27 with L H M D S in D M F gave (5)-28 with retention of configuration in 
decreased enantioselectivity (entries 1 vs. 2). The use of L H M D S in a less 
coordinative solvent (THF) gave (R)-28 with inversion of configuration in 14% 
ee (entries 2 vs. 3). Upon treatment of 27 with L T M P in THF at -60 °C, (#)-28 
was obtained in 41% ee (entry 4). The corresponding reaction at 20 °C gave 
(/?)-28 in 91% ee and in 93% yield (entry 7). Against our expectation, the use of 
toluene instead of THF did not increase the enantioselectivity (entries 5 vs. 6) 
(19). Use of L D A also gave (R)-28 in 82%ee (entry 7). 

The conditions for enantiodivergent cyclization have been applied to 
various amino acid derivatives (Table VII). Five-membered cyclization of 27, 
31, and 33 with K H M D S in D M F at -60 °C gave 28, 32, and 34 in 98, 97, and 
95 % ee, respectively, with retention of configuration (entries 1, 3, and 5). On 
the other hand, use of L T M P in THF gave the cyclization products in 81-91% 
ee with inversion of configuration (entries 2, 4, and 6). Similar phenomena were 
observed in four-membered cyclization. Treatment of 37 with K H M D S in D M F 
at -60 °C gave 38 in 95 % ee with retention of configuration (entry 7), while 
that with L T M P at -20 °C gave 38 in 90 % ee with inversion of configuration 
(entry 8). Four-membered cyclization of methionine derivative 45 showed 
similar stereochemical results (entries 9 and 10). Five-membered 
spirocyclization showed somewhat different stereochemical behavior (Scheme 
10). Treatment of 47 with K H M D S in D M F at -60 °C did not give 48, due to 
the predominant P-elimination of HBr. Upon treatment of 47 with NaHMDS in 
THF at 20 °C, (R)-4S (notation based on central chirality) was obtained with 
retention of configuration in 99% ee. On the other hand, treatment of 47 with 
L H M D S in toluene at 0 °C gave (S)-4S in 94% ee with inversion of 
configuration (20). 

8. Asymmetric Cyclization via Memory of Chirality 
at Ambient Temperature 

Inter- and intramolecular alkylation of a-amino acid derivatives via 
memory of chirality proceeded in up to 98%) ee via axially chiral enolate 
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Scheme 9. Stereochemical Course of Asymmetric Cyclization via 
Memory of Chirality 

Table VI. Effects of Base and Solvent on the Stereochemical Course 
of Asymmetric Cyclization of 27 

base, solvent 
27 28 

temp 

entry basea solvent temp, time (h) yield (%) ee6 (%) 
1 K H M D S D M F -60 °C, 0.5 94 98 (S) 
2 L H M D S D M F -60 °C, 0.5 60 11 (S) 
3 L H M D S THF -60 °C, 1 10 14 (R) 
4 LTMP THF -60 °C, 1 73 41 (R) 
5 LTMP THF 20 °C, 0.5 93 91 (R) 
6 LTMP toluene 20 °C, 0.5 90 11 (R) 
7 L D A THF 20 °C, 0.5 69 82 (R) 

a) 1.2 Equivs. of base were used, b) Determined by HPLC analysis. The letter in 
parentheses indicates the absolute configuration. 
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Table VII. Enantiodivergent Asymmetric Cyclization of a-Amino Acid 
Derivatives 

MeS C0 2 Et 
MeS 

B o c - N x / \ 
Br Boc' 

C0 2 Et 

45 46 

entry substrate base, solvent, temp product yield (%) ee {%)" 

1 27 K H M D S , DMF, -60 °C 28 94 98(5) 
2 27 L T M P , THF, 20 °C 28 93 91 (R) 
3 31 K H M D S , DMF, -60 °C 32 92 97(5) 
4 31 L T M P , THF, -20 °C 32 92 81 (R) 
5 33 K H M D S , DMF, -60 °C 34 91 95 (R) 
6 33 L T M P , THF, 20 °C 34 91 87(5) 
7 37 K H M D S , DMF, -60 °C 38 61 95 (R) 
8 37 L T M P , THF, -20 °C 38 69 90(5) 
9 45 K H M D S , D M F . -60 46 98 97(5) 
10 45 L T M P , THF, 0 °C 46 66 83 (R) 

a) Ee was determined by H P L C analysis. The letter in parentheses indicates the absolute 
configuration. 

Boc 

NaHMDS B o c - N 

THF f/y-48, 99% ee 

Boc -N 

(S)-4S, 94% ee 

Scheme 10. Enantiodivergent Spirocyclization 

intermediates, where enolate formation was usually performed at low 
temperatures such as -78 ~ -60 °C to maintain enantiomeric purity of the chiral 
enolates (chapters 3-5). Here, asymmetric cyclization that proceeds in up to 
99% ee at 20 °C is described. The key to high asymmetric induction at ambient 
temperature was the use of powdered K O H in DMSO as a base. Surprisingly, 
the enantioselectivity of the asymmetric cyclization with powdered K O H in 
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DMSO at 20 °C was even higher than that of the corresponding reactions with 
K H M D S in D M F at -60 °C. 

The transformation of 27 into 28 was chosen as a model reaction for the 
investigation of the temperature-dependence of asymmetric cyclization. 
Treatment of 27 with K H M D S at -60 °C in D M F gave 28 in 98% ee, while at 0 
°C 28 was formed in only slightly diminished enantioselectivity of 93% ee 
(Table VIII, entries 1 vs. 2). Bases that contained a potassium cation were 
screened for the reactions in D M F (entries 3-5). To our surprise, treatment of 27 
with powdered K O H (prepared by grinding commercial 85% K O H pellets with 
a mortar in a glove box) in DMF at 20 °C gave 28 in 98% ee (entry 5). 
Powdered K O H in DMSO was an excellent base for the transformation, and 
gave 28 in 99% ee and 91% yield (entry 6). No difference in the efficiency of 
asymmetric cyclization was observed between powdered K O H prepared from 
commercial 85% K O H pellets and that from commercial >99% K O H pellets. 
Powdered L i O H was not effective as a base, while powdered NaOH and 
powdered CsOH showed reactivity similar to powdered K O H (entries 7-9). The 
solvent effects in KOH-promoted asymmetric cyclization were investigated 
(entries 10-14). While the existence of 1% water in DMSO did not affect the 
efficiency of the asymmetric transformation (entries 6 vs. 10), an increase in the 
amount of water in DMSO decreased both yield and enantioselectivity of the 
cyclization (entries 11 and 12). Powdered K O H in THF was much less effective 
than that in DMSO (entries 12 and 13). Powdered K O H in EtOH did not 
promote cyclization, but rather promoted hydrolysis to give carboxylic acid 49 
as a major product in 55% yield (entry 14). The difference in reactivity between 
powdered K O H in DMSO and powdered K O H in EtOH could be ascribed to the 
difference in the pKa's of H 2 0 in these solvents. The pKa's of H 2 0 in H 2 0 and 
in DMSO are known to be 16 and 31, respectively.21 This means that K O H in 
DMSO is a strong base which can abstract the a-proton of esters (pKa 18-30) 
(21,22), while K O H in protic solvents is not. 

Asymmetric four-, five-, and six-membered cyclization of various amino 
acid derivatives with powdered K O H in DMSO at 20 °C was examined (Table 
IX). Asymmetric four-membered cyclization of phenylalanine derivative 37 
with powdered K O H in DMSO proceeded within 2 h at 20 °C to give azetidine 
38 with a tetrasubstituted carbon center in 99% ee and 82 % yield with retention 
of configuration (entry 1). Similarly, four-membered cyclization of methionine 
and valine derivatives 45 and 50 gave azetidines 46 and 51, respectively, in 99% 
ee (entries 2 and 3). Five-membered cyclization of 27, 31, and 33 with 
powdered K O H in DMSO proceeded to give pyrrolidines 28, 32, and 34, 
respectively, in 98-99% ee and 91-94% yield (entries 4-6). Asymmetric four-
membered cyclization of 37 and 45 and five-membered cyclization of 27, 31, 
and 33 took place in 94-98% ee upon treatment with K H M D S in D M F at -60 °C 
(Table IX, entries 1, 2, and 4-6). Surprisingly, asymmetric four- and five-
membered cyclizations with powdered K O H in DMSO at 20 °C proceeded with 
higher enantioselectivity than those with K H M D S in D M F at -60 °C (23). This 
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Table VIII. Effects of Bases, Temperature, and Solvents 
on Asymmetric Cyclization of 27 

p h ^ Y C 0 ' H 

49 

entry base 
(mol equiv) solvent 

temp, time 
(h) 

28, yield" 
(%) 

28, ee* 
(%) 

1 K H M D S (1.2) D M F -60°C, 0.5 94 98 
2 K H M D S (1.2) D M F 0 °C, 0.2 97 93 
3 /-BuOK (1.5) D M F 0 -20°C , 1 67 87 
4 K H (2.0) D M F . 0 °C, 0.2 76 89 
5 KOH c r f (3 .0 ) D M F 20 °C, 2 89 98 
6 KOHC,</(3.0) DMSO 20 °C, 2 91 99 
7 L i O H c (3.0) DMSO 20 °C, 17 ~0 (75) -
8 NaOH c (3.0) DMSO 20 °C, 2 81 97 
9 CsOH c (3.0) DMSO 20 °C, 2 64 99 
10 K O H ' ''(3.0) DMSO:H 2O=100:l 20 °C, 2 98 99 
11 KOH C ' / (3 .0) DMSO:H 2 O=10:l 20 °C, 1 76 97 
12 KOH C ( / (3 .0) DMSO:H 2 0=4: l 20 °C, 1 12 93 
13 KOH c r f (3 .0 ) THF 20 °C, 2 45 (45) 71 
14 KOH' ' ' (3 .0) EtOH 20 °C, 23 ~0C(8) -

a) Numbers in the parentheses indicate the % recovery of 27. b) Ee of the corresponding 
jV-benzoate determined by HPLC analysis, (^-isomer was obtained in each run. c) 
Powdered metal hydroxide was used, d) Prepared from commercial 85% KOH pellets 
from nakalai tesque. e) Carboxylic acid 49 was obtained in 55% yield. 

could be ascribed to the high reactivity of the axially chiral enolate intermediate 
generated with powdered K O H in DMSO, which immediately undergoes 
cyclization before suffering from noticeable racemization (see Chapter 9). In 
contrast to the four- and five-membered cyclization, six-membered cyclization 
of 39 with powdered K O H in DMSO at 20 °C gave piperidine 40 with 
enantioselectivity lower than that observed in the reaction of 39 with K H M D S in 
D M F at -60 °C (entry 7). The enantioselectivity (88-94% ee) observed in the 
six-membered cyclization of bromides 39, 52, and 54 (entries 7-9) was 
improved by use of the corresponding iodides. Treatment of 56, 57, and 58 with 
powdered K O H in DMSO gave piperidines 40, 53, and 55, respectively, in 
97-98% ee and 89-97% yield (entries 10-12). Increase in enantioselectivity of 
cyclization of the iodides may be ascribed to their increased rates of cyclization. 
The similar effects of leaving groups on asymmetric alkylation via memory of 
chirality have reported by Carlier and coworkers (24). 
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9. Mechanistic and Kinetic Aspects of Asymmetric Cyclization 
of a-Amino Acid Derivatives at Ambient Temperature 

The mechanistic aspects of asymmetric cyclization promoted by powdered 
K O H in MDSO was investigated. In chapter 6, axially chiral enolate K was 
proposed as the key intermediate for the asymmetric cyclization with K H M D S 
in D M F . While a mechanism via intermediate K is also expected for 
asymmetric cyclization with powdered K O H in DMSO, an alternative route may 
involve a concerted S E i process, as shown in J (KOH instead of K H M D S ) (25) 
in Scheme 7. To investigate the validity of J and K, cyclization of 43 was again 
examined. Treatment of 43 with powdered K O H in DMSO at 20 °C for 5 h 
gave racemic-44 in 27% yield together with 44% recovery of 43. This again 
indicates that asymmetric cyclization with powdered K O H in DMSO also 
proceeds via axially chiral enolate intermediate K. 

Table IX. Asymmetric Cyclization of a-Amino Acid Derivatives with 
Powdered KOH in DMSO at Ambient Temperature8 

C 0 2 E t 

VC ° 2 E t KHMDS/DMF-THF (4:1) R,...!^^ 
^ J, (CH2)n 

N -60 °C, 30 min J \ L V ' 
Boc v(CH 2) n-Br Boc w 

entry substrate R n product yield (%) ee (%)' 

1 27c PhCH 2 3 28 94 98(5) 
2 29 4-EtO-C 6 H 4 - C H 2 3 30 95 97 
3 31 M e S C H 2 C H , 3 32 92 97 
4 33 M e 2 C H 3 34 78 94 
5 35 C H 3 3 36 91 95 (R) 
6 37 PhCH, 2 38 61 95 
7 39 PhCH 2 4 40 84 97 
8 41c PhCH 2 5 42 31" 83(5) 
9" 41c PhCH 2 5 42 61 f 72 (S) 

a) A solution of substrate (0.25 mmol) in dry DMF (2.4 mL) was treated with 1.2 mole 
equiv. of KHMDS (0.50 M in THF) for 30 min at -60 °C. b) Ee was determined by 
HPLC analysis. A letter in the parenthesis indicates the absolute configuration, c) >99% 
ee. d) The reaction was run for 2 h. e) 41 (70% ee) was recovered in 52% yield, f) 
41(54% ee) was recovered in 17% yield. 
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The racemization behavior of K was investigated. In chapter 4, the barrier to 
racemization of the axially chiral enolate G was determined by periodic quenching 
of the enolate with methyl iodide (Figure 3). However, this protocol cannot be 
applied to enolate K because it undergoes cyclization immediately after it is 
generated. Compound 59, an analogue of 27, was used to estimate the 
racemization barrier of the axially chiral enolate K because the enolate L 
generated from 59 would not undergo cyclization (Figure 4). The barrier to 
racemization of a potassium enolate generated from 59 and K H M D S in D M F -
THF (1:1) at -78 °C was determined through the periodic quenching of the enolate 
with methyl iodide (26). The barrier was calculated from the slope, 2k = 1.99 x 
10"3 min"1 (r2=0.99), to be 15.5 kcal/mol at -78 °C. Based on the assumption that 
asymmetric cyclization of 27 with powdered K O H in DMSO proceeds via enolate 
K whose racemization barrier is comparable to L, enolate K is expected to 
undergo cyclization at 20 °C within -10"3 sec after it is generated to give product 
28 in 99% ee (/99/100 at 20 °C = 3.0 x 10"4 sec, calculated from AG*=15.5 
kcal/mol).2 7 Since the asymmetric cyclization reactions in Table IX are also 
assumed to proceed via axially chiral enolates such as K, enolates generated with 
powdered K O H in DMSO in these reactions are expected to undergo rapid 
cyclization within -10"2 sec at 20 °C to give products in >88% ee (/gs/iooat 20 °C = 
3.8 x 10"3 sec, calculated from AG*=15.5 kcal/mol) (27). The extremely high 
reactivity of the enolates generated with KOH/DMSO could be ascribed to their 
amine-free structure (28,29). 

The rate-determining step for the cyclization with powdered K O H in DMSO 
must be the enolate-formation step because the half-lives of racemization of the 
chiral enolate intermediates are supposed to be much shorter (< 0.1 sec) (30) than 
the time required for the reactions to be complete (2-12 h). Thus, axially chiral 
enolates such as K would form gradually, and once formed, would immediately 
undergo asymmetric cyclization (Scheme 11). Since axially chiral enolates suffer 
from time-dependent racemization, ee's of the products would correlate with the 
rate of cyclization of enolate intermediates; i.e. the faster the cyclization, the 
higher the enantioselectivity. Based on this assumption, the four-membered 
cyclization (99% ee, Table IX, entries 1-3) is expected to proceed faster than the 
corresponding six-membered cyclization (88-94% ee, Table 9, entries 7-9). 
Accordingly, enantioselectivities would be a measure of the rate of cyclization of 
the enolate intermediates (31), while the reaction time for asymmetric cyclization 

slow OK very fast C Q 2 E t 

Boc 

R C 0 2 E t 

D M S O 
20 °C 

K O H EtO 

Boc' 

Scheme 11. Rate-Determining Enolate Formation in Asymmetric Cyclization 
with Powdered KOH in DMSO 
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Ph- ^C02Et KHMDS 

Boc" 

59 

^ M e DMF-THF 
-78 °C 
time (/) 

Boc 
OMey 

Mel 
Ph 

Me 
Boc / 

C02Et 

N . OMe 
v V 

60 

50 100 150 200 250 300 350 400 

/ (min) 

Figure 4. Measurement of the racemization barrier of chiral enolate L: Plot of In 
(ee°/eel) versus time (t) for base-treatment of 59. ee° = the ee value of 60 obtained 

by the reaction of the enolate immediately after its generation from 59 and KHMDS 
with methyl iodide, ee1 = the ee value of 60 obtained by the treatment of 59 with 

KHMDS for the time indicatedfollowed by addition of methyl iodide. Experiments 
were performed twice at the strictly controlled temperature. Ee° and each of ee1 

are the average of two runs. The barrier to racemization was determined to be 
15.5 kcal/mol at-78 °Cfrom the slope, 2k = 1.99x 10'3 min1 (r = 0.99). 

with powdered K O H in DMSO depends on the rate of enolate formation. Higher 
enantioselectivity observed in the cyclization of the iodides than the corresponding 
bromide (Table IX, entries 7-12) are also consistent with expected higher rates of 
cyclization of the iodides. 

Conclusion 

Asymmetric intermelucular and intramolecular alkylation of a-amino acid 
derivatives via memory of chirality has been described. Chiral enaoltes with 
dynamic axial chirality are responsible for the asymmetric induction. The 
salient features of the present method are (1) chirality at the a-carbon (reaction 
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center) of the parent amino acids is the sole chiral source for the asymmetric 
alkylation, (2) all of the functionality of the parent amino acids are incorporated 
in the products of the reaction. Thus, the present method is advantageous in 
terms of atom economy as well as chirality economy. 
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Chapter 4 

Asymmetric Synthesis of α-Substituted α-Amino 
Acids: Strecker and Claisen Approaches 

Yasufumi Ohfune, Kazuhiko Sakaguchi, and Tetsuro Shinada 

Graduate School of Science, Osaka City University, Sugimoto, 
Sumiyoshi-ku, Osaka 558-8585, Japan 

Two efficient methods for the synthesis of a class of optically 
active α-substituted α-amino acids developed in our 
laboratories are disclosed. An asymmetric version of the 
Strecker synthesis of α-acyloxy ketones possessing an 
optically acitive amino acid as a chirality transferring acyl 
group produced acyclic and cyclic α-substituted serine 
analogs. Novel vinylsilane-containing α- or α,β-substituted α
-amino acids were synthesized by the Claisen rearrangement of 

α-acyloxy-α-alkenylsilanes. These methods were used for the 
synthesis of biologically active amino acids and natural 
products. 

There is an ever-growing interest in the synthesis, pharmacology, and 
conformational properties of non-proteinogenic amino acids (/). In particular, a-
substituted a-amino acids have been the subject of numerous investigations over 
past decades (2). The structural feature common to these amino acids is the 
presence of an additional substituent at the a-position of the amino acid that 
sterically constrains the free rotation or conformational flexibility of its side 
chain or strictly fixes the conformation by a carbo- or a heterocyclic ring. 
Furthermore, a-substituted a-amino acids are often found in nature either in the 
free form or as constituents of biologically active compounds that are known as 
enzyme inhibitors, ion channel blockers, and antibiotics. Therefore, numerous 
attempts to synthesize the a-substituted a-amino acids have been performed (5). 
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Our interest in these amino acids is based on the synthesis of biologically active 
amino acids, such as a-substituted serine and glutamate, and natural products. 
The a-substituent of serine restricts its p-hydroxymethyl conformation which 
plays an important role in the biological activity when incorporated into peptides 
and proteins (4). L-Glutamic acid is a major excitatory neurotransmitter in 
mammalian CNS and plays an essential role for excitatory neurotransmission, 
the construction of memory and learning, and occasionally exhibits a potent 
neuroexcitotoxicity which causes serious brain diseases (5). We have been 
working on the design and synthesis of glutamate analogs (6) and natural 
products possessing an a-substituted a-amino acid sub-strucuture. Our recent 
achievement of these molecules is depicted in Figure 1 (7-/2). In this chapter, 
two efficient methods, i.e., the asymmetric Strecker synthesis using a-acyloxy 
ketones and the ester-enolate Claisen rearrangement of a-acyloxy-a-
alkenylsilanes, employed for the synthesis of these novel classes of amino acids 
and natural products, are described. 

Asymmetric Strecker Synthesis of a-Substituted a-Amino Acid 

The biosynthetic pathway of the a-substituted a-amino acid may involve the 
asymmetric transformation of an amino group of an a-amino acid to a ketone 
(4b). As a result, the chirality of the starting amino acid would be transferred to 
the prochiral ketone (eq 1). 

Influenced by the hypothetical biosynthetic route, our synthetic plan for 
these amino acids was an asymmetric version of the Strecker synthesis. The 
synthesis consists of the following sequence of transformations: (i) formation of 
a cyclic ketimine intermediate from an a-acyloxy ketone, having an L - or D-
amino acid as the acyloxy group; (ii) stereoselective addition of a cyanide ion to 
1,4-oxazine to give the a-amino nitrile; (iii) oxidative conversion to the a-imino 
nitrile; and (iv) removal of the chirality transferring amino acid as a pyruvate 
derivative and hydrolysis of the nitrile group under acidic conditions to give the 
P-hydroxy a-substituted a-amino acid (Scheme 1) (7). 

The asymmetric synthesis of a-methylserine from acetol is depicted in 
Scheme 2. The treatment of the a-acyloxy ketone, possessing L-Val as the 
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L-aminoacid >^.-«r 

AA AA 

X = OH or N 2

 L N(F keimine-enamine equilibrium 

NC H H NC C0 2 H 
R ^ N AA . R : NL AA . . - R : MW 

^ oxidation T ^ hydrolysis R \ ^ N H 2 S-£ oxidation ^ S - ' ^ hydrolysis R ^ L ^ 

H H C k , A A R' E OH 

H O ^ O 

Scheme 1. Asymmetric version of the Strecker synthesis: General scheme 

acyloxy group, with NaCN in 2-propanol gave a mixture of cyclic a-amino 
nitriles in 72% yield (5S/5R = 25:1). The conversion into (/?)-a-methylserine 
required the initial oxidation of the a-amino nitrile and subsequent hydrolytic 
removal of the resulting a-imino nitrile and hydrolysis of the nitrile group. Upon 
oxidation of the a-amino nitrile, ozone was found to be a superior oxidant for 
the classical /-BuOCl/Et 3 N method to give a mixture of the a-imino and a-amide 
nitriles in nearly quantitativet yield (75). Hydrolysis of the mixture gave (R)-a~ 
methylserine (98%, 2 steps). The use of D-Val afforded (5)-a-methylserine. 
Thus, both enantiomers of a-methylserine were prepared from acetol in 5 steps 
(13,14). The reaction involves a ketimine intermediate, coexisting at equilibrium 
via an enamine, which was ascertained by deuterium and , 3 C N incorporation 
experiments. The highly diastereoselective formation of the (5«S)-isomer would 
be due to an attack of the cyanide ion on the sterically less hindered s/'-face of 
the ketimine with a boat-like conformation (15). In addition, stereoelectronic 
stabilization of the axial nitrile group, perpendicular to the lone pair electrons of 
the amino group, would also be attributed to the high stereoselectivity. This 
method was well applied to the synthesis of both enantiomers of a-benzylserine 
(16), a-hydroxymethylaspartic acid (16), a-hydroxymethylglutamic acid (17), 
and 4 enantiomers and diastereomers of a-methylthreonine (14). Among them, 
the a-hydroxymethylglutamic acid was employed for the total synthesis of the 
GluRs antagonist, kaitocephalin, via the a-substituted pyroglutamate (11). 

Next, the syntheses of the cyclic serine analogs with a 5 or 6-membered ring 
were examined. The synthesis of 1 -amino-2-hydroxycyclopentane-1 -carboxylic 
acid (Ahp) was started with the Strecker synthesis of 2-acyloxycyclopentanone. 
The reaction underwent a stereoselective cyanide addition to the ketimine to 
exclusively give the c/5-fused a-amino nitrile. In this case, the initial treatment of 
the acyloxy ketone with MgS0 4 -NaOAc for the complete formation of the 
ketimine and the use of T M S C N and ZnCl 2 were crucial, otherwise, the reaction 
resulted in a decrease in yields (>50%). According to the routine transformation, 
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Scheme 2. Asymmetric Strecker synthesis of a-methylserine and other 
a-substituted a-amino acids 

(1/?,2S)-Ahp was synthesized from the a-amino nitrile. The use of D-Phe 
afforded (15,2/?)-Ahp (18). (l#,2S)-Ahp was employed for the enantioselective 
synthesis of the mGluR2 agonist, LY-354740 (Scheme 3) (19). 

The syntheses of the 6-membered ring analogs (Ahh) were started with a-
acyloxycyclohexanone using L-Phe as the acyloxy group shown in Scheme 4. 
Contrary to the cyclopentane system, the reaction with NaCN in 2-propanol 
smoothly proceeded to give a mixture of the Strecker adducts which were 
composed of the (55,6S)-isomer (cis) and trans isomer (cis/trans = 2-4:1, 85%) 
(18). Oxidation of the cis isomer with /-BuOCl using D A B C O as the base 
followed by hydrolysis gave (\R,2S)-Ahh (20). Upon the cyanide addition 
process, we initially presumed that the composition of the ketimine intermediates 
(6R/6S = 2-4:1) would reflect the ratio of the resulting cis a-amino nitriles (form 
(6S)-ketimine) and its trans isomer (from (6i?)-ketimine). However, isolation of 
the ketimines revealed that the ratio was nearly 1:1 by the *H N M R data. Further 
inspection of the *H N M R data and NOESY experiments suggested that the 
ketimines possess a boat-like conformation in which the phenyl group shielded 
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H 0 2 C v NH2 
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1. f-BuOCJ,Et3N 
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H H 

•C0 2 H 

(62%) (1f?,2S)-Ahp LY354740 
(selective mGluR2 agonist) (1S,2R)-AhpfromD-Phe 

Scheme 3. Asymmetric synthesis of (1 R,2S)-l-amino-2-hydroxycyclopentane 
car boxy lie acid (A hp) 

the a-face (15). These results clearly indicated that the facial selectivity (\R 
versus \S) is affected by the nature of the chirality transferring amino acid. 
Regarding the cis/trans selectivity, the cyanide addition to the ketimines would 
be the rate-determining step because the equilibrium between the (6S)- and (6R)-
isomers is much faster (>7 min) than the cyanide addition (~3 h). On the other 
hand, (5)-/-Leu gave the corresponding (6/?)-ketimine as the major isomer 
(6S/6R = 1:4). The bulky /-Bu group would restrict the formation of the (65)-
isomer due to steric reasons. In this case, the treatment with ZnCl 2 and T M S C N 
showed the highest trans selectivity for the a-amino nitrile formation (cis/trans = 
5:90, 80%) and a small amount of the (lS)-isomer (5%) was produced as a 
byproduct presumably because the shielding of the a-face, such as that of L-Phe, 
was not available. Upon conversion of the (6/?)-isomer to the trans-Ahh, 
oxidation with /-BuOCl was not successful but ozone produced the desired 
mixture of the a-imino and amide nitrile (13). Hydrolysis of the mixture gave 
trans-Ahh (20). 

Cis-( \R,2S)-Ahh was incorporated into the Gly 2 position of Leu-enkephalin 
that exhibited a potent binding activity to cloned rat 5-opioid receptors (IC 5 0

 = 

0.01 nM), while its trans isomer was much less potent (IC 5 0 = 1.0 nM) (21). The 
stereochemical outcome investigated in the cyclohexane system enabled the 
construction of the multi-functional cyclohexane platform, key to the total 
synthesis of 5,6,11-trideoxyTTX (Scheme 5) (10). 

Efficient Methods for the Synthesis of a-Acyloxy Ketones 

Upon further application of the asymmetric Strecker synthesis into various 
classses of a-substituted a-amino acids, the conventional preparation of an a-
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of the cyclohexane platform during the total synthesis of 5,6,11-trideoxyTTX 
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acyloxy ketone is an important issue. The starting ketones can be prepared by 
esterification of an a-ketol with an N-protected amino acid or mono-
esterification of a vicinal diol followed by oxidation. Occasionally, these 
methods incurred a problem, which is represented by the resistance of the 
hydroxy group to esterification by an a-amino acid. 

The initial approach was the insertion reaction of an a-diazo ketone into the 
carboxyl group of an a-amino acid which would provide simple access to the 
preparation of the a-acyloxy ketones required for the asymmetric Strecker 
synthesis. After a survey of several metal-catalysts, Cu(acac)2 was found to 
effectively catalyze the insertion reaction under mild reaction conditions. Most 
of the diazo ketones reacted with a stoichiometric amount of not only the 
carboxylic acids, but also the //-protected a-amino acids to give the 
corresponding a-acyloxy ketones (22). 

The next effort was the Au-catalyzed synthesis of the a-acyloxy ketones 
from a-acyloxy-a-alkynylsilane. It is well known that Au salts play a dual role 
for the [3,3] sigmatropic rearrangement of a propargyl ester and activation of the 
resulting allene to give a series of cascade reaction products via a cationic vinyl-
Au species (an allyl cation) at the allenic terminus (23). Contrary to this, the Au-
catalyzed reaction of an a-acyloxy-a-alkynylsilane gave an allene intermediate 
whose successive activation by the Au salt generated a vinyl cation at the allenic 
center. The unprecedented generation of the cation and its trapping with H 2 0 
gave rise to an a-acyloxy-a'-silyl ketone. Treatment of a propargylsilane having 
Boc-L-Phe, Ala, or Val as the acyloxy group with Ph 3 PAuOTf (3 mol%) in 
dioxane-H 20 (1 equiv) produced the a-acyloxy-a'-silyl ketones in good yields 
(24). The removal of the silyl group afforded the a-acyloxy ketone, a precursor 
for the asymmetric Strecker synthesis of a-methylthreonines. Thus, various types 
of a-acyloxy ketones as the precursor of the Strecker synthesis became available 
from the a-diazo ketones or a-acyloxy-a-alkynylsilanes (Scheme 6). 

Claisen Approaches from a-Acyloxy-a-alkenysilanes 

It is well-known that the carbocation P to silicon is stabilized by a-n 
hyperconjugation, the so-called p-effect, which has provided various synthetic 
applications (25). Contrary to this, the carbocation a to silicon (a-silyl cation) 
has not been well investigated because of its presumed chemical instability 
which is indicated by the MP2 calculations: 18.3 kcal/mol less stable than the 
corresponding carbocation a to the methyl group (26). The reactions regarding 
the unprecedented a-silyl cation generated from the optically active a-hydroxy-
a-alkenylsilanes have been extensively investigated over the past decade in our 
laboratories that include the acid-catalyzed rearrangement of the a-hydroxy-a-
alkenylsilane (27), Pd-catalyzed alkylation (28) and ester-enolate Claisen 
rearrangement of an a-acyloxy-a-alkenylsilane (29,30). These reactions 
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Scheme 6. Cu- and Au-catalyzed Synthesis of a-acyloxy ketones 

proceeded through a putative a-silyl cation or 7i-allyl cation to afford the y-
substituted vinylsilanes with partial or complete transfer of the original chirality. 
The use of a-amino acid as the acyloxy group in the ester-enolate Claisen 
rearrangement was expected to produce the vinylsilane-containing a-amino acid, 
which can be viewed not only as a novel class of unusual amino acids but also as 
a useful synthetic block for biologically active compounds (Scheme 7). 

The application of the ester-enolate Claisen rearrangement for the synthesis 
of the racemic a-amino acid had originally been reported by Kazmaier et al., 
(37) which is performed by the efficient control of the ester-enolate geometry by 
Z n 2 + . According to Kazmaier's protocol, treatment of the ester-enolate from the 
£-isomer with L D A in the presence of ZnCl 2 in THF gave the rearrangement 
product in 92% yield as a single diastereomer with the 2R,3S configuration (syn). 
indicating that the chirality of the a-acyloxysilyl group was completely 
transferred to the product. The (Z)-isomer gave exclusively the (2/?,3/?)-isomer 
(anti). The fact that the reaction is highly diastereoselective, affording the syn- or 
a/7//'-isomer suggests that the present reaction proceeded through a chair-like 6-
membered ring transition state in which ZnCl 2 fixed the enolate configuration to 
the Z geometry and the sterically bulky T B D M S group located at an equatorial 
position to avoid severe steric repulsion with the enolate. Thus, the syn- and 
tfttfr'-diastereomers of the vinylsilane-containing amino acids were synthesized, 

  
 



100% chiral transfer 

Scheme 7. Acid-catalyzed rearrangement of a-hydroxy-a-alkenyksilane, 
Pd-catalyzed alkylation and ester-enolate Claisen rearrangement of an 

a-acyloxysilane 

respectively. Their T B D M S group can be removed with H B F 4 to give the (35)-
and (3/?)-methyI allylglycines, respectively (Scheme 8). 

The reaction tolerates various substituents at the vinylic terminus. As an 
example, we performed the synthesis of the optically active P-carbon-substituted 
analogs of //^eo-P-benzyloxy aspartate (TBOA) which is a potent blocker of 
excitatory amino acid transporter in mammalian CNS (32). Treatment of (S,E)-
a-acyloxysilane with L D A and ZnCl 2 in THF yielded a rearrangement product 
(86%) as the sole diastereomer. Upon treatment with H B F 4 , spontaneous 
desilylation and removal of the Boc group occurred to give the amino acid 
(68%>). This was successfully converted to the TBOA-carbon analog (Scheme 9) 
(30). 
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Scheme 8. Synthesis of vinylsilane-containing amino acids 
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Scheme 9. Synthesis of TBOA carbon analog 

Next, the feasibility of the reaction to prepare a vinylsilane-containing ot-
substituted a-amino acid was examined (Scheme 10). The enolate-Claisen 
rearrangement of the TV-protected Phe as the acyloxy group would produce the 
corresponding vinylsilane-containing a,P-substituted a-amino acid. Thus, 
treatment of the (£)-isomer of Boc-L-phenylalanyloxylsilane under the same 
conditions allowed the desired rearrangement in a highly stereoselective manner 
to produce the ^- i somer . The reaction of the (Z)-isomer also gave the anti-
isomer as a single diastereomer. The use of the (5,£)-isomer having the L-Ala 
moiety gave exclusively the (25,35)-isomer (29). This was converted to threo-
a,P-dimethyl aspartate, an a-substituted analog of threo-p-hydroxyaspartate 
(THA) which is a transport blocker of L-Glu (32). 

An extention of this method is the synthesis of the a-substituted-proline, 
which has attracted significant attention because this substructure was found in 
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Scheme JO. Synthesis of vinylsilane-containing a-substituted a-amino acids 
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several natural products, such as kaitocephalin. Furthermore, this group can be 
viewed as a conformational modifier of Asp and Glu. However, the 
stereochemical outcome of the proline-containing Claisen rearrangement is not 
well-documented in which the enolate geometry cannot be controlled by Z n 2 + 

since its base treatment produces a mono-anion enolate. The reaction using 
L H M D S gave the rearranged product (70%) whose optical purity was 71% ee 
with an S configuration (S/R = 85.5:14.5). The estimated activation energy of the 
model ester-enolate by the B3LPY/P6-31G* calculation suggested that the chair
like transition state with the (Z)-enolate is the most preferred pathway for the 
formation of the (5)-isomer, which is in good agreement with the experimental 
result. The (/?)-enantiomer would be produced from the chair-Zs and/or boat-Z 
transition state. The addition of H M P A (23% in THF) was quite effective for the 
enantioselective transformation to afford the (£)-isomer with complete transfer of 
the starting chirality (>95% ee, 77%). The highly polar H M P A would contribute 
not only to the exclusive formation of the (Z)-enolate, but also to accelerate the 
rate of the rearrangement from the chair-Z transition state. The preferential 
formation of the (Z)-enolate in the presence of H M P A can be explained as 
kinetic deprotonation from the sterically less-hindered conformer (33). The 
product was converted to the cyclic analogs of L-Asp and L-Glu, respectively 
(Scheme 11) (34). Thus, the ester-enolate Claisen rearrangement of the optically 
active a- acyloxy-a-alkenylsilane is proven to be an efficient protocol for the 
synthesis of the vinylsilane containing a-substituted a-amino acids with 
complete transfer of the original chirality. The silane-containing amino acids 
were converted to biologically active amino acids and natural products, e,g., the 
total synthesis of amathaspyramide F (12). 

Summary 

Two methods for the synthesis of optically active a-substituted a-amino 
acids developed in our laboratories have been described. The Strecker approach 
starting from an achiral or a racemic a-acyloxy ketone afforded the optically 
pure a-substituted serine and threonine including their cyclic analogs and natural 
products. The Claisen approach using the optically active a-acyloxy-a-
alkenylsilane furnished the novel vinylsilane-containing a- or a,(3-substituted a-
amino acids. The vinylsilane group was readily converted to other functional 
groups which led to the synthesis of the aspartate and glutamate analogs. The 
chiral transfer process common to these methods are highly diastereoselective 
for the construction of one or two consecutive chiral centers. Applications to the 
synthesis of biologically active natural products have been exemplified by the 
syntheses of the amino acids and natural products shown in Figure 1. 
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Chapter 5 

Michael Addition Reactions between Nucleophilic Glycine 
Equivalents and Acrylic Acid Derivatives as a Practical 
and Generalized Approach to the Asymmetric Synthesis 

of β-Substituted-α-Amino Acids 

Vadim A. Soloshonok, Hisanori Ueki, and Trevor K. Ellis 

Department of Chemistry and Biochemistry, University of Oklahoma, 
Norman, OK 73019 

Asymmetric Michael addition reactions between chiral/achiral 
nucleophilic glycine equivalents and chiral/achiral acrylic acid 
derivatives have been developed for the truly practical 
preparation of β-substituted pyroglutamic acids. The con
ceptually novel idea of the topographical control of the 
stereochemical outcome of asymmetric reactions, as a 
theoretical background of this chemistry is also described. 

Interest in the P-substituted, or so called x-constrained, tailor-made (/) 
amino acids started with the truly revolutionary studies by Prof. V . Hruby who 
introduced the concept of "the global and local constraint" for understanding 
peptide three dimensional (3D) structure-activity relationships (2). Thus, the 
peptide 3D structure depends on the following: peptide sequence (primary 
structure), conformation (secondary structure), and position of the amino acid 
side-chains. The importance of peptide amino acid sequence and its secondary 
conformation on the peptide bio-activity has been recognized for a long time. On 
the other hand the importance of the third factor, the position of the amino acid 
side-chains (so called x ~ s P a c e ) was virtually ignored (2). The paramount 
importance of the torsional angles § (phi), \\i (psi) and co (omega) (3) as well as 
the x (chi) torsional angles of the amino acid side-chains (2, 4) in determining 
the 3D structure of the peptide backbone, (Figure 1) for understanding the 
peptide-structure-biological activity, has been demonstrated. 
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c Due to only three % dihedral angles, 
up to 27 (3x3x3) different bioactive 
conformations of the side-chain, are 
possible. 

Figure 1. Depiction of (p, y/, ca, and x dihedral angles. 

In sharp contrast to ()>-, v|/- and co-angles which can be controlled by the 
structure of amino acid residues and peptide secondary structure (e.g., global 
constraint via cyclization), the means to control the x - a n g l e s l s virtually 
undeveloped (5). As shown in Figure 1, a simple, 3-carbon-atom residue of 
glutamic acid in a peptide can have up to 27 possible biologically active side 
chain conformations resulting from three possible x-angles. One may agree that 
limiting the number of possible conformations would add substantially to the 
elucidation of bio-activity in natural peptides and help enormously in the de 
novo design of peptides with pre-determined three-dimensional structure. 
However, as stated above, the control of the conformations in x~space presents 
an enormous intellectual challenge. Currently, there is only one approach which 
looks promising in allowing control over the number of x-conformers of the 
amino acid side-chains. Thus, it was demonstrated that the introduction of a 
methyl group in the P-position substantially enhances the population of one out 
of three [gauche-(+), trans and gauche-(-)] possible x 1 -conformers (2). 
Furthermore, considering P-substituted prolines 1 (Figure 2), as proline-amino 
acid chimeras (6), it was demonstrated that regardless of cis- and /ra/w-relative 
stereochemistry of 1 the corresponding (-)-gauche conformers are in principle, 
physically inaccessible (7). This promising data in controlling the number of 
conformation in x-space clearly indicates the necessity for further investigations 
of various P-substituted amino acids. However as it turns out, the synthetic 
methodology for preparation of P-substituted amino acids in enantiomerically 
pure form is virtually undeveloped (8-11). 

Here we describe our recent research on the development of highly 
stereoselective Michael addition reactions between nucleophilic glycine 
equivalents and acrylic acid derivatives as a practical and generalized approach 
to the asymmetric synthesis of P-substituted-a-amino acids. 

As one may agree, the most straightforward and general approach to P-
substituted a-mono acids might be the corresponding Michael addition reaction 
between properly protected nucleophilic glycine derivatives and a,p-unsaturated 
carboxylic acid derivatives (Scheme 1). Thus the resultant P-substituted glutamic 
acids 4 can be elaborated, via transformation of the co-carboxylic group, to 
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COOH COOH H2N OOH 

H H 1 

Figure 2. Proline-amino acid chimeras with constrained angles. 

various desired a-amino acids. Moreover, easy cyclization of glutamic acids 4 to 
pyroglutamic acids 5 can provide a structural platform for very important (3-
substituted proline derivatives 6. Indeed, numerous research groups have 
pursued this approach, with quite limited success (9). 

Scheme 1. General approach to ^-substituted a-mono acids via Michael 
addition reactions. 

The major methodological problem of this approach is the necessity of 
simultaneous formation of two stereogenic centers in glutamic acids 4. It was 
found that application of chiral glycine equivalents 2 (12) in the Michael 
addition reactions with achiral Michael acceptors 3 allowed for quite efficient 
(>98% ee) control of the a-stereogenic carbon in the corresponding products 4, 
while the control of the stereochemistry of the P-stereogenic center was 
relatively poor, resulting in generally low stereochemical outcome. The Michael 
addition reactions between achiral glycine equivalents 2 and chiral Michael 
acceptors 3 were substantially less studied, however, it was shown that mode of 
the stereocontrol was opposite providing respected stereoselectivity the P-
stereogenic center and low at the a-stereogenic carbon. Consequently, while p-
substituted amino acids can be prepared by the literature methods, overall low 
diastereoselectivity and operationally inconvenient procedure rendered this type 
of amino acids prohibitively expensive (for instance, proline 5, available from 
Acros 250 mg for $422 [R = Me] and 100 mg for $228 [R = Ph]) for systematic 
study of their promising ability to control peptide %-space. This disappointing 
state of synthetic methodology prompted our group to address the challenge. 

R R 

4 R 
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Among the literature examples (9,12), published on the diastereoselective 
Michael addition reactions between chiral glycine equivalents and achiral 
Michael acceptors, the application of chiral Ni(II)-complex 7 (Scheme 2), 
introduced by Professor Belokon (13), seemed, in our opinion, the most 
promising. Thus, despite the fact that the reactions of complex 7 with p-
substituted alkyl acrylates 8 (14) showed rather poor (diastereomeric ratios ~ 
2/1) stereoselectivity, its excellent structural features, reactivity and practicality 
rendered this compound as a potentially promising object. In fact, our prior 
experience with complex 7 in the development of asymmetric methods for 
preparation of various tailor-made amino acids (in particular fluorine- and 
phosphorus-containing derivatives) via alkylations (75) and aldol addition 
reactions (16) was quite satisfactory in terms of practicality and stereochemical 
outcome. 

Good control of the a-absolute 
configuration, while relatively poor 
disastereomeric ratios - 2/1 - 4.5/1 

Scheme 2. Reactions of Ni(II)-complex 7 with various alkyl acrylates. 

Our initial attempts (17) to improve the stereochemical outcome by 
optimizing reaction conditions (for instance, D B U as a base instead of NaOMe), 
though successful, lead to increased stereoselectivity (diastereomeric ratios ~ 
4.5/1), however they remain unacceptable. 

These results suggested that to be successful, we needed to develop a novel 
dimension in the chemistry of complex 7 and/or its derivatives. With this in 
mind, we decided to build on the advantageous features of complex 7 such as its 
virtually flat geometry, presence of Ni(II), and the (Z)-geometric homogeneity of 
the corresponding enolate. Thus, considering the Michael addition reactions 
between nucleophilic glycine equivalents and acrylic acid derivatives as a case 
of coupling of two unsymmetrically substituted trigonal centers, one can expect 
up to eighteen possible transition states to be involved in determining the 
stereochemical outcome. This large number of theoretically possible transition 
states resulting from the fact that starting nucleophilic glycine, in its enolate 
form, can react in two geometric (Z/£)-configurations as well as Michael 
acceptor in two conformations (s-cisls-trans) (18). Simple mechanistic 
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rationalization suggested that complete control of the geometric/conformational 
homogeneity of glycine enolate and Michael acceptor might reduce the number 
of the possible transition states to only six. As one may agree, further limitation 
of the possible transition states to provide for formation of a single one was a 
much more formidable task. As mentioned above, the structure of complex 7 
allows for the physical access to only (Z)-geometry of the corresponding enolate. 
Therefore, we focused on the structure of the Michael acceptors. Thus, taking 
advantage of the chemical structure of complex 7, we assumed that the problem 
of a single transition state can be solved by the proper design of the 
corresponding Michael acceptor, which can co-ordinate to the Ni(II), via donor-
acceptor type attractive interaction. Consequently, these mechanistic 
considerations highlighted two paramount requirements in the design of Michael 
acceptors: a) conformational homogeneity, and b) presence of partially 
negatively polarized group, capable of engaging in electrostatic attractive 
interactions with the Ni(II). Eventually, after careful consideration of numerous 
types of acrylic acid derivatives, we came up with pyrrolidin-2-one/oxazolidin-2-
one containing structures 9 (Scheme 3). 

severe nonbonding 
steric repulsive 
interactions 

X = CH 2 , O electrostatic 
repulsive interactions 

Scheme 3. Pyrrolidin-2-one/oxazolidin-2-one containing Michael acceptors 

As demonstrated by single crystal X-ray analyses, compounds 9 exist 
exclusively in s-cis conformation (18). The conformational s-cis homogeneity of 
compounds 9 is a result of nonbonding steric repulsive interactions between the 
P-hydrogen of the C,C double bond and the carbonyl oxygen of the pyrrolidin-2-
one or oxazolidin-2-one ring, and electrostatic repulsive interactions between the 
oxygen atoms of the corresponding carbonyl groups. 

With these design considerations in hand, we prepared (19) various P-
substituted derivatives 9 and studied their Michael addition reactions with 
complex 7 (Scheme 4). 

We found that due to high electrophilicity of the Michael acceptors 9, their 
reactions with complex 7 could be catalyzed by organic bases such as 
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(S)-7 (S)(2S, 3S)-10a-c (S)(2R 3/?)-11a-c 
(S)(2S, 3R)-10d-v (S)(2R, 3S)-11d-v 

up to > 26/1 

R = Me (a), Et (b), n-Pr (c), i-Pr (d), Ph (e), a-naphthyl (f), p-naphthyl (g), 2-MeO-
C 6 H 4 (h), 3-MeO-C6H4 (i), 4-MeO-C6H4 (j), 2-CF3-C6H4 (k), 3-CF3-C6H4 (I), 4-CF3-
C 6 H 4 (m), A/-Mts-p-indolyl (n), C 6 F 5 (o), 2,6-F2-C6H3 (p), 2-F-C6H4 (q), 3,4-F2-
C 6 H 3 (r), 4-MeO-C6F4 (s), 3,4-CI2-C6H3 (t), 4-N02-C6H4 (u) 

Scheme 4. Reactions of chiral Ni(II)-complex 7 with achiral homogeneous 
Michael acceptors 9. 

triethylamine (slow) or D B U (fast). The stereochemical outcome of these 
reactions was found to depend on the nature of the P-substituent R ranging from 
reasonable (4/1) to excellent (>26/l) diastereoselectivity (20). It should be noted 
here that most of the reactions were extremely fast with the stereochemical 
outcome being kinetically controlled. 

With these quite encouraging results in hand, we decided to reinforce the 
stereochemical outcome by using the chiral version of the Michael acceptors 9 
and 12 (Scheme 5) which were easily prepared using our generalized and 
operationally convenient procedures (79). To our most complete satisfaction, the 
reactions of chiral Ni(II) complex 7 with chiral Michael acceptors 12 (Scheme 5) 
occurred at room temperature in the presence of catalytic amounts (15 mol %) of 
D B U with virtually complete (>25/l) chemical yields and stereoselectivity (27). 
It is important to note that the combination of (^-configuration of complexes 7 
with (5)-configuration of Michael acceptors 12, provided for a case of 
"matched" stereochemistry, resulting in high reaction rates. The opposite 
combination of the (5)-absolute configuration of complexes 7 and (7?)-configured 
Michael acceptors 12, represented a "mismatched" case. However, in this case 
the diastereomeric purity of the products was not compromised giving rise to 
diastereomerically pure products with lower reaction rates. 

A critical examination of the stereochemical outcome of the reactions 
between chiral complexes 7 and achiral Michael acceptors 9 vs. chiral 
complexes 7 and chiral 12, one may assume that the reason for virtually 
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Ph Ph 

,0 DBU, DMF 
Faster reaction rates (2S,3S)-13a 

(2S,3K)-13d,f,hj 0 

(S)-7 
,0 

R = Me (a); Et (b); n-Pr (c); /-Pr (d); Bn (e); Ph 
(f); p-naphthyl (g); 4-MeO-C6H4 (h); A/-Mts-P-
Indolyl (i); 4-CF3- C6H4 (j) 

(2R,3R)-14a-c,e 
(2R,3S)-14dff,g,h,l,j 

Scheme 5. Reactions of chiral Complex 7 with chiral Michael acceptors 

complete stereoselectivity in the former case seemed to be connected with 
chirality of 12. This assumption suggested that application of achiral analogs of 
complex 7 in combination with chiral Michael acceptors 12 might be a viable 
alternative option. To this end, we synthesized achiral Ni(II)-complexes 15a,b 
(22) and studied their Michael addition reactions with 12 (Scheme 6). 

We were pleased to find that according to our expectations the reactions of 
achiral complexes 15a,b with chiral 12 occurred at generally high reaction rates 
furnishing diastereomerically pure addition products 16 and 17 in high chemical 
yield. It should be noted that the simultaneous formation of two stereogenic 
centers in products 16 and 17 was stereochemically complete regardless of the 
nature of the substituent R on the starting Michael acceptors 12 (23). These, as 
well other (21-23) results strongly suggested that we have found a unique mode 
of stereocontrol for addition reactions. As mentioned before, we actually have 
designed and anticipated this outcome based on the mechanistic considerations 
including the flat geometry of the complexes 7, 15a,b and Michael acceptors 9, 
12. The detailed rational is described in our major publications (21b, 23c). Here 
we present just a short version of our conclusions. 

Considering three possible transition states 18, 19 and 20 (Figure 3), one 
may agree that only transition state 20 can account for all stereochemical 
observations encountered in the study (18-23). In the transition state 20 the 
substituent R 2 at C-4 of the chiral oxazolidinone ring is pointing up and away 
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(R)-12 6 Ph 

DBU, DMF 

(2R,3/?)-16a-c, 

(2R,3S)-16d,e ,f,h 

(S)-12 Q ph^ 

DBU, DMF 

R = Me(a); R = Et(b); R = n-Pr(c); R = /-Pr(d); 
R = Ph (e); R = p-naphthyl (f); R = 4-MeO-C6H4 (g); 
R = 3-MeO-C6H4 (h); R = A/-Mts-p-indoly (i); 
R = 4-CF3-C6H4 (j); 

(2S,3S)-17a 

(2S,3R)-17g,j 

Scheme 6. Reactions of achiral Ni(II)-complexes 15a,b and chiral 
Michael acceptors 12. 

from any possible steric interactions with the rest of substituents on both the 
Ni(II)-complex and the Michael acceptor. In this position, the substituent R 2 

does not directly control the facial diastereoselectivity of the Michael acceptor's 
C,C double bond via a stereodiscrimination process but works as a topographical 
feature, influencing the Ni(II)-complex ability to interact with each plane of the 
Michael acceptor. This mode of interaction, controlling the absolute 
configuration of the products, represents a topographical match or mismatch of 
two geometric figures, so we proposed to call it topographically controlled face 
diastereoselectivity (21b). The results obtained demonstrate that topographically 
controlled stereoselectivity is a much more powerful way to achieve 
stereocontrol in asymmetric reactions, as compared with the more common 
asymmetric synthetic approach in stereodiscrimination. An obvious advantage of 
the topographically controlled transition state is the virtually complete 
stereochemical outcome, and the extraordinary generality of the Michael 
additional reactions presented in the text. 

With these results in hand and considering some minor issues of practically 
and large-scale applications, we decided that we still could improve on the 
physical and chemical properties of these Ni(II)-complexes. Practicality is 
defined by us as a scalable chemical process which can be conducted under 
operationally convenient conditions with attractive cost structure. Thus, we 
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H 
H 

DBU 

Figure 3. Possible (approach geometry) transition states in the addition 
reaction of Ni-(II)-complexes with chiral Michael acceptors. 

arrived at our innovative idea of a modular approach (Scheme 7) for the design 
of nucleophilic equivalents of glycine and higher a-amino acids. Moreover, the 
methodological flexibility of this design would allow us to unify at least four 
major, currently orthogonal and conceptually different approaches under one 
synthetically powerful, flexible, and superior methodology for preparation of 
enantiomerically pure a-amino acids. In particular, we can use: (A) Asymmetric 
catalytic homologation of appropriately/carefully designed achiral derivatives 21 
using a chiral base-catalyst. (B) Asymmetric stoichiometric homologation of 
chiral equivalents 21 using a chiral amine module in the design of ligands 21. 
(C) Deracemization of racemic a-amino acids using specially designed chiral 
ligands 21 and racemic a-amino acids. (D) Asymmetric homologation of 
compounds 22 derived from achiral ligands 21 and optically pure a-amino acids 
using the memory of chirality/chiral relay principle (24). 

The synthesis of starting ligands is extremely simple and can be conducted 
on very large-scale (Scheme 8). As illustrated in Scheme 8, we can control the 
desired physical properties of our glycine derivatives, simply by the appropriate 
choice of the "Amine Module". 

As one may agree, the cost-structure of this design is also very attractive as 
most of these modular glycine derivatives can be prepared under $1 per lg . 

In connection with the synthesis of P-substituted glutamic acids and prolines 
(25), we studied the reactions of new generation of glycine equivalents with 
Michael acceptors 12 (Scheme 9). As one can see from the Scheme 9, the nature 
of the "Amine Module" had an unexpectedly strong effect of the reaction rate of 
these additions. However, the stereochemical outcome in all reactions studied 
was virtually perfect as only one stereoisomer of products 25 was observed in 
the reaction mixtures. These results allowed us to identify the corresponding 
glycine derivative 26 (Scheme 10) containing the piperidine moiety as the best 
starting compound. 
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\ o o 

(A, B, D) 

R 2 \ /R 

R3 

22 

Phenone module^ 

H 2 N ^>(^0H + Ni 3 

R R4 
24 

(A) Asymmetric catalytic (B) Asymmetric stoichiometric 
homologation 

(C) Deracemization 
of racemic a-AA 

homologation 
(D) Asymmetric homologation 

using the memory of 
chirality/chiral relay principle. 

Scheme 7. Modular approach to the unified methodology for 
preparation of enantiomerically pure a-amino acids 

o R R 

NH2 

Rr Ji 0 N R O 
O B r ^ H r B , l b N X 

l ^ J 96% | T | ^ P h > 9 5 % 

\ ^ Ni(ll)/ 
Base . 

r~\ ~$1/g 

M e v ^ ( / B ^ K , ' B U r, r, OCt OCt 

Y k Y i X t ° jyr a y I CK N N" 
I l i, 

>h 

Soluble in DMF, CHCI3 Polar C 6 H 6 Hexane 
organic solvents Toluene 

Scheme 8. Synthesis and physical properties of novel Modular glycine 
equivalents. 
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Ph 

(S) V ^ O 

N DMF, rt. Time * J^P*R' ° ° 
^ k J ^ p h DBU (15 mol%) l ^ J ) 25 (2S.3S) for alkyl 
L II (2S.3R) foraryl 

de > 98% 

Entry R 

1 

2 

3 

4 

5 

6 

7 

8 

9 Ph 

10 ^ Y 

R' Time Conversion Yield 

4-MeOC.H 
6 4 

2.25 h >99 >95 

/-Pr 18 h >99 >79 

4-MeOC cH„ 
6 4 

20 min >99 >95 

/-Pr 25 mh >99 >99 

4-MeOC 6 H 4 2.50 h 83 >78 

/-Pr 26 h 60 >60 

4-MeOC 6 H 4 2 h >99 >99 

/-Pr 26 h 62 >62 

4-MeOC 6 H 4 2.50 h >99 >99 

/'-Pr 26 h 88 >88 

Scheme 9. The reaction of new generation of glycine equivalents 
with Michael acceptors 12. 

Furthermore we have studied the generality of the reactions between glycine 
26 and series of Michael acceptors 12. Thus, the very high reactivity of the 
glycine equivalent 26 allowed us to use Michael acceptors of particularly high 
steric demand or electronic disadvantage. Just stating the extraordinary 
generality of these Michael additional reactions, as the best methodology 
developed to date for preparation of /^-substituted glutamic acids, we must point 
out one exception. Thus, we were unable to produce the anticipated product in 
one example, in which a te/7-butyl group was incorporated into the Michael 
acceptor. However, this limitation comes from the topographically controlled 
mechanism of these reactions. As one may assume, the terr-butyl group cannot 
minimize the repulsive steric interactions between the planes of Ni(II)-complex 
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(1.05 eq.) 

Mi . . . ~ I Mi / u 
f z N i

N J DBU(15mol%) f / N i

N X ^ N 
u DMF rt Time u I II 1 11 0 DMF, rt, Time 

Ph 

26 

Ph I ^ Y W
 0 0 

27 

Entry Chiral Aux. R Time Conversion Yield 

1 S 4-MeO-C 6H 4 20 min >99 >95 

2 R /-Pr 25 min >99 >79 

3 S Me 3 min >99 >95 

4 S Ph 3 min >99 >99 

5 S 2-MeO-C 6H 4 1.75 h 83 >78 

6 S 2 -CF 3 -C 6 H 4 1 h 60 >60 

7 S 2,6-F2-CgH4 4 min >99 >99 

8 S A/-Bn-lndolyl 20 h 62 >62 

9 R A/-Ts-lndolyl 30 min >99 >99 

10 R A/-Tr-lmidazolyl 1 h 88 >88 

11 S terf-Bu NR 

Scheme 10. Michael addition reactions of piperidine containing glycine 
equivalent with chiral acceptors 12. 

and Michael acceptor, making it impossible to form the corresponding transition 
state. 

Finally, we would like to demonstrate the produce for disassembling the 
Ni(II) complex and recovery of the valuable products involved. As shown in 
Scheme 11, the disassembly of products 28 can be easily conducted under very 
mild conditions resulting in the formation of a product which can be readily 
separated. Usually resulting in the isolation of the target pyroglutamic acids no 
less than 93% chemical yield. The chiral auxiliary 30 can be almost completely 
recovered and reused for preparation of new portions of the Michael acceptors 
32. Finally, the modular ligands 31 also can be recovered and reused an 
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de > 98% 
R 

33 

Ni(H), Gly 

31 

Scheme IL Disassembling of the products 28 

unlimited number of times for preparation of starting complexes 33 which are 
ready for production various amino acids. 

In summary, the chemistry we have developed, is probably the first synthetic 
approach which can beat the enzymatic approach for industrial production of 
amino acids. The practically of this methodology has been tested on a kilogram-
scale for several β-substituted pyroglutamic acids and prolines. Also, several 
modular glycine equivalents are now commercially available from TCI America 
and many other research groups are beginning to utilize these advantageous 
compounds for academic and industrial research. 
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Chapter 6 

Novel Chiral Template for Preparation of α-Amino 
Acids: Practical Synthesis and Application 
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Miyamae-machi, Takasago-cho, Takasago, Hyogo 676-8688, Japan 

A novel chiral imidazolidinone-type template for synthesizing 
optically active α-amino acids has been developed. The 
template was prepared from α-phenylethylamine as a chiral 
source, 2-chloroacetamide, and 2,6-dichlorobenzaldehyde in 4 
steps. The process includes crystallization-induced dynamic 
resolution (CIDR). The template reacted with electrophiles in 
a highly stereoselective manner under mild conditions to 
afford alkylated products that were further transformed in 2 
steps into optically active α-amino acids. 

Introduction 

Biotechnology in the post-genomic era has been changing the ways that new 
drugs are discovered. Information regarding the human genome sequence offers 
new opportunities in medicinal research, including the field of resultant protein, 
peptide, and amino acid science. Approximately 20% of the new drugs approved 
in the last decade contain an a-amino acid moiety in their structure. In particular, 
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non-natural amino acids have attracted a great deal of attention as a key 
component of peptide mimetic agents, which improve stability and resistance 
toward metabolic degradation of the pharmaceuticals (/). 

To date, a number of efficient methods, including biotransformations, for 
preparing optically active a-amino acids have been established (2). In particular, 
recent remarkable progress in asymmetric synthesis has provided a wide range of 
accesses to a-amino acids. Examples include enantioselective hydrogenation of 
dehydroamino acid derivatives catalyzed by chiral transition metals (3) and 
enantioselective alkylation of glycinate derivatives by a chiral-phase transfer 
catalyst (4). The process utilizing chiral glycine templates is also a candidate (5) 
because such a process is considered to be one of the most straightforward and 
reliable methodologies from the perspective of simple, quick, and routine 
procedures (Figure J). 

Figure 1. Synthetic outline of a-amino acids synthesis 
using a chiral glycine template 

In this methodology, asymmetric induction is based on diastereoselective 
alkylation of the enolate generated from an optically active glycine derivative 
with electrophiles. In 1979, Schollkopf et al. reported their pioneering studies on 
enantioselective synthesis of optically active a-amino acids using the 
symmetrical bis-lactim ether of L-alanine as a chiral glycine template (5a). Since 
then, a variety of glycine derivatives have been developed, some of which, 
including the bis-lactim ether, are now commercially available in reagent grade 
(Figure 2). 

Schollkopf (5a) Seebach (5e) Williams (5g) 

Figure 2. Example of commercially available chiral glycine template 
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To our best knowledge (6), however, none of the known chiral glycine 
templates has been found in any industrial processes. There have been 
difficulties in their preparation or chemical conversion into a target a-amino acid 
on a large scale production. In general, extremely low temperature condition, 
below -60°C, is required in the asymmetric induction process (Scheme 1). 

M E 0 - N J THF/.70»C Me0W * C02H 

2) R X 

Scheme 1. Standard process to a-amino acid using Shollkopfs template 

Development of a New Chiral Glycine Template 

Under such circumstances, we envisioned the design of a novel chiral 
glycine template that can tolerate industrial-scale preparation. Consequently, we 
developed a chiral imidazolidinone 1, a couple of enantiomers, easily converted 
to various chiral a-amino acids . 

O O 

A 
I N - E N - B o c ,, I N - B o c 

(2R,\'R)-l (25,1 'S)-l 

H H 
(S)-a-amino acid (/?)-a-amino acid 

Preparation 

When a-phenylethylamine (R)-2 was heated with sodium iodide and 2-
chloroacetamide 3 in acetonitrile, followed by condensation with 2,6-
dichlorobenzaldehyde 5 in the presence of a catalytic amount of p-toluenesulfonic 
acid in toluene, a 1:1 diastereomeric mixture of imidazolidinone (2RS, 1 'R)-6 was 
formed with regard to C-2 of the imidazolidinone ring (Scheme 2). 
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(R)-2 C H 3 C N " (Ry4 92% (2RS,VR)-6 
86% 2RJ2S=\/\ 

Scheme 2. Preparation of(2RS, 1 'R)-6 

Simple crystallization of (2RS, 1 'R)-6 from acetonitrile successfully 
increased the diastereomeric purity in up to 98% de, with (2R,\ 7?)-6 being 
isolated in 25%. Finally, it was treated with Boc 2 0 , followed by recrystallization 
to furnish our target chiral molecule (2/?,l 7?)-l as a single diastereomer 
(>99.8% de). An isomer (25,1 'R)-\ could also be isolated by crystallization of 
the diastereomeric mixture of 1, which originated from the filtrate of 
crystallization of(2/?,l 'R)-6 (Scheme 3). 

Reaction 

The reaction of (2/?,l'/?)-l with benzylbromide using L D A as a base in THF 
at -20 °C afforded alkylated product 7a. Acid hydrolysis of crude 7a and 
subsequent hydrogenolysis on Pd(OH) 2-C under the atmospheric pressure of H 2 

delivered phenylalanine with 99.5% ee in 46% overall yield from (2/?,17?)-l, 
whose absolute configuration was found to be S (Scheme 4). It should be noted 
that the alkyation proceeded highly stereoselectively even at -20 °C, whereas 
alkylation of the chiral glycine templates previously developed5 are typically 
carried out below -60 °C in order to achieve satisfactory stereoselectivity. When 
the preparation of phenylalanine was repeated employing (2S, \ 7?)-l instead of 
(2/?,l 7?)-l, (#)-amino acid was produced in 99.8% ee. 

The stereochemical outcomes of the reactions using (2R,VR)-l and 
(2S,T/?)-!, respectively, suggest that diastereoselectivity in the alkylation should 
be controlled by the chirality at C-2 on the imidazolidinone ring. In contrast, the 
diastereoselection of the alkylation could be explained by considering a chelated 
enolate intermediate, as shown in Figure 3. The metal cation originating from 
the base employed would form a chelation with two carbonyl oxygens. It is 
reasoned that on the basis of this model, the re-face might be shielded by a 2,6-
dicholorophenyl group, resulting in exclusive attack to an electrophile from the 
5 /-face. 

  
 



93 

O 0 
1 l )Boc 2 0(1.2eq.) 

crystallization [ NH Et3N(1.5eq.) | N - B o c 

C H 3 C N P h ^ N - ~ V C 1 D M A P ( 0 . 0 5 e q . ) P h ^ N - ^ / c , 

(2RS,VR)-6-

filtrate 

A-
r \ Cl i j 2) recrystallization C 

precipitate \=/ 

2 5 o / o (2R,VR)-6 8 4 % W « H 
98% de 

0 

> 99.8% de 
O 

P h ^ N ^ / N ^ c r y s t a l l i z a t i o n P h ^ , N 

B o c 2 0 
E t 3 N C 1 

D M A P 
(2RS,l'R)-\ 

32% C l 

(2S,l'R)-l 
> 99.8% de 

Scheme 3. Preparation of (2R, 1 'R)- and (2S, 1 'R)-l by simple crystallization 

1) L D A _ 1 ) H 2 0 , H + 

-20°C P h ^ W B

r ° . C 60°C / . C O O H 
(2R,VR)-l - E \ / • T 

2) PhCH 2 Br C l — / > 2 ) H 2 ( L A T M ) N " 2 

-20 °C \=J Pd(OH) 2/C (^-Phenylalanine 
thenO°C 7a 50 °C 46% yield 

99.5% ee 

1) L D A V - A 1 ) H 2 0 , H + 

-20 °C P h Jj N - B o c 6 0 o c 

n o V n i P h V N ^ ( C l (/^-Phenylalanine 
(25,1 R)-l • : \ / - 31% yield 

2) PhCH 2 Br c , _ J \ 2 ) H 2 ( l a t m ) 99.8% ee 
-20 °C \ = / Pd(OH) 2/C 
then 0 °C ? b 50 °C 

Scheme 4. Synthesis of phenylalanine using (2R, 1 "R) and (2S, 1 'R)-l 
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+ 
Electrophile V* ~Ov 

»S7-face. CL Y 
N 

-O' 
tBu 

Re-face R: (R)-l-phenylethyl 

Figure 3. Plausible mechanism of diastereoselective alkylation 

Another interesting transformation to a-amino acids from the alkylated 
products could also be found that did not require hydrogenolysis to cleave the C-
N bond at a a-phenylethylamino moiety. Upon exposure of 7a to concentrated 
H 2 S 0 4 in chlorobenzene at room temperature for 1 hour could effect removal of 
a a-phenylethyl group on N - l . Successively, hydrolysis by the addition of water 
completed the conversion to (^-phenylalanine in 83% yield with no substantial 
loss of optical purity. We succeeded in isolating an intermediate, 5-benzyl-3-
(2,6-dichlorophenyl)imidazolidinone 8, in 69% yield by work-up under basic 
conditions after treatment of 7a with concentrated H 2 S 0 4 (Scheme 5). 

H N ^ / N H \ H 2 ° (^-Phenylalanine 
Cl I " 83% yield 

O O 

H S O ^ I N - B o c H 2 b ° 4 

P h ^ N ^ y a ^ 

I j / PhCl 

c i — / \ \ c i -

7a 8 

Scheme 5. Transformation to a-amino acids by acid treatment 

Toluene could also be used as solvent in place of chlorobenzene. However, 
toluene underwent sulfonation by H 2 S 0 4 , producing toluenesulfonic acid as a 
side product, which may cause difficult separation of the pure amino acid from 
the reaction mixture. No such sulfonation was observed for chlorobenzene. 

Some examples have appeared upon acid-promoted removal of arylmethyl 
or a-arylethyl groups on nitrogen, but this is limited to the case in which the 
leaving group is activated by a methoxy group on the aromatic ring (7) unless the 
nitrogen is substituted by another electron-withdrawing group such as an acyl or 
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carbamoyl group (#). This unprecedented transformation under extremely mild 
conditions is undoubtedly useful for substrates having substituents sensitive to 
hydrogenolysis or heteroaromatic groups deactivating heterogeneous Pd catalyst. 

Application of New Chiral Template 
for a-Amino Acid Synthesis 

Table I. a-amino acid synthesis using (2/?,l'5)-l 

O 

R X (1.5-2.0 eq.) R\^\ 1 ) H 2 S 0 4 

NaHMDS (l.leq.) I N ~ B o c PhCl N H 2 

(2R9VRyi - m ^ N - ^ y a ^ = 

THF,-20°C i y^l 2 ) H 2 0 C O O H 

entry RX product (amino acid) yield(%)a ee(%)b 

1 Mel (5)-alanine 95 96 
2 EtI (5)-2-aminobutanoic acid 96 93 
3 /-PrI (5)-valine 90 98 
4 /7-Bul (5)-norleucine 91 98 
5 n-BuBr (5)-norleucine 82 99 
6 PhCH 2 Br (^-phenylalanine 83 99 
7 4 - F C 6 H 4 C H 2 B r (iS)-4-fluorophenylalanine 90 97 
8 4 - F C 6 H 4 C H 2 C l (5)-4-fluorophenylalanine 86 96 
9 4 - C l C 6 H 4 C H 2 B r (S)-4-chlorophenylalanine 87 98 
10 4 - C l C 6 H 4 C H 2 C l (5)-4-chlorophenylalanine 81 97 
11 4 - B r C 6 H 4 C H 2 B r (5)-4-bromophenylalanine 70 77 

a Based on (2R, 1' /?)-! . b Determined by H P L C using a chiral column. 

Under optimal conditions, a variety of a-amino acids were prepared that are 
recorded in Table I. 

Both alkyl and benzylic-type a-amino acids were obtained with high 
enantiomeric excess in excellent overall yield except for (5)-4-
bromophenylalanine (entry 11). A significant drop in enantiomeric excess was 
observed in the case of 4-bromophenylalanine synthesis. It appears that although 
the alkylation with 4-bromobenzylbromide proceeded highly stereoselectively as 
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with the reaction of other halides, a decrease in optical purity might occur in the 
conversion to the amino acid, and that this behavior is inherent in this substrate. 
Sterically hindered alkyl halide, /-propyl iodide, was also successfully employed, 
with L-valine being formed in 90% yield and 98% ee (entry 3). 

Application of New Chiral Template 
for a,a-Disubstituted Amino Acid Synthesis 

We next examined the construction of a,a-disubstituted a-amino acids, 
which have recently received a great deal of attention due to their importance in 
the field of peptide chemistry (9). When the first alkylation product 7a was 
subjected to a second alkylation with methyl iodide, the precursor 9 of a-
methylphenylalanine 10 was produced with high stereoselectivity (Scheme 6). 
The absolute configuration is obviously determined in the second alkylation step; 
thus, the methyl group will be introduced from the less hindered face opposite to 
the 2,6-dichlorophenyl group based on the discussion of stereocontrol, which is 
consistent with the fact that the final amino acid has an R configuration. 

1) L D A , -20 °C 
2) PhCH 2 Br ? h O 

90 or '> 1 1 ) H 2 0 , H + 

-20 C '<^\ - I C O O H 
t h e n 0 ° C p h ^ ' N-Boc 6 0 ° C Ph 

(2fl,17?)-l P h ^ N ^ y a - ^ 
3 ) L D A = }—L 2 ) H 2 ( l a t m ) , 0 

- 2 0 ° C C l — f J Pd(OH) 2/C 
4) Mel \ = / 50 o c 51% yield 

-20 °C then 0 °C 9 >99.8% ee 

Scheme 6. Synthesis of a, a-disubstututed a-amino acid using (2R, 1 'R)-l 

Practical Synthetic Method of Chiral Template 1 

Encouraged by the potential (2/?,l'/?)-l (and (2S,rS)-l) as a chiral glycine 
template, we then focused on the establishment of a more practical method to 
prepare (2/?,l'/?)-l, as our initial method relied on resolution of a 1:1 
diastereomeric mixture by crystallization, with the chemical yield of the requisite 
diastereomer never exceeding 50%. We assumed that the intermediate 6 would 
be in equilibrium between diastereomers (2S9VR) and (2R,\'R) in a presence of 
acid catalyst in solution phase. When diasteromers mixture of 6 was heated in n-
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hexane/ethyl acetate containing a catalytic amount of trifluoroacetic acid (0.2 
eq.) at 70 °C for 15 h, crystallization-induced dynamic resolution (CIDR) took 
place to afford (2R,VRy6 as a precipitate in >99% de and 84% yield based on 
total diastereomer amount of 6 charged (Figure 4). With this CIDR process, we 
were able to prepare 1kg of (2R,VR)-l and (25,1'5)-1 in a laboratory flask 
without using column chromatography for purification in any steps. 

O O 

solution phase 

(2S, 170-6 (2R, VR)-6 

Figure 4. Practical preparation of (2R, 1 'R)-6 by Crystalization- Induced 
Dynamic Resolution (CIDR) 

Experimental Procedure for Preparation of 6 

To a suspension of [(£)-( l-phenylethylamino)]acetamide (4) (618 g, 3.5 
mol) in toluene (1400 mL) were added p-toluenesulfonic acid monohydrate (20 
g, 0.1 mol) and 2,6-dichlorobenzaldehyde (5) (668 g, 3.8 mol) at 40 °C . The 
reaction mixture was refluxed for 24 h with azeotropic removal of the water 
formed. The reaction solution was concentrated under reduced pressure, and the 
resulting residue was allowed to recrystallize from n-hexane (466 mL)/ toluene 
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(180 mL) to yield a diastereomeric mixture (2RS,VS)-6 (1012 g, 87 % yield) as 
pale brown solid. A mixture of the above compound (1011 g, 3.0 mol) and 
trifluoroacetic acid (71 g, 0.6 mol) in ethyl acetate (900 mL)/ n-hexane (900 mL) 
was refluxed for 4 h, after which n-hexane (900 mL) was slowly added. The 
reaction mixture was further refluxed for 16 h, and then allowed to cool 
gradually to 29 °C over 50 h. The resultant precipitate was isolated by vacuum 
filtration, and dried to give 745 g of (2S,l\S)-6 (74% yield, >99% de) as white 
crystals. 

Summary 

We have developed a novel chiral glycine template for synthesizing ot-
amino acid. The template undergoes highly stereoselective alkylation under mild 
conditions, leading to a-amino acid in an optically pure form. The synthetic 
process of the template, starting from commercially available inexpensive 
materials, involves crystalline-induced dynamic resolution (CIDR), which makes 
the methodology more practical and economical. 
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Chapter 7 

Catalytic Enantioselective Synthesis 
of α,α-Disubstituted Amino Acids: The Strecker 

Reaction of Ketimines Using Chiral Poly-Gadolinium 
Complexes 

Masakatsu Shibasaki and Motomu Kanai 

Graduate School of Pharmaceutical Sciences, The University of Tokyo, 
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan 

Enantiomerically-enriched α,α-disubstituted amino acids are 
an important group of unnatural amino acids that are useful for 
pharmaceutical synthesis. The Strecker reaction of ketimines is 
a direct method for synthesizing α,α-disubstituted amino acids. 
This chapter summarizes the development, mechanistic 
insights, and application of the catalytic enantioselective 
Strecker reaction developed in our group. 

Introduction 

The catalytic enantioselective Strecker reaction is among the most 
straightforward methods for synthesizing enantiomerically enriched a-amino 
acids and their derivatives (/). More than a dozen examples have been reported 
using aldimines as substrates, which can produce a-monosubstituted amino acid 
derivatives (/). The catalytic enantioselective Strecker reaction of ketimines, 
however, is not as well established due to the lower reactivity and small 
difference (sterically and electronically) between the two substituents on the 
prochiral carbon of ketimines compared to aldimines. To achieve an efficient 
enantioselective Strecker reaction of ketimines, an asymmetric catalyst must be 
highly active and strictly enantioselective. The development of a chiral urea-
catalyzed reaction by Jaconsen's laboratory in 2000 overcame this issue for the 
first time (2,5). In 2003 and 2004, we reported the most general and practical 
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catalytic enantioselective Strecker reaction of ketimines to date (4). In this 
chapter, we review the development and synthetic application of our reaction. 
Progress is actively ongoing in this field (5). The development of 
enantioselective catalysts that promote tetrasubstituted carbon-forming reactions 
is a new frontier in organic synthesis (6). 

Development of Catalytic Enantioselective Strecker Reaction 
of Ketimines Using a Chiral Gadolinium Complex 

In 2001, we developed a catalytic enantioselective cyanosilylation of 
ketones using a gadolinium (Gd) complex of D-glucose-derived ligand 1 
(Scheme 1) (7,8). The optimized catalyst was produced from Gd(0'Pr) 3 and 1 
mixed in a 1:2 ratio. Based on the results of mechanistic studies, including 
labeling experiments and kinetic measurements, we proposed model 4 for the 
enantio-differentiating cyanation step: (1) the active catalyst is a TMS-containing 
2:3 complex of Gd and 1; (2) the active nucleophile is a gadolinium isocyanide 
generated through transmetalation from T M S C N ; (3) the enantioselective 
cyanation proceeds through intramolecular transfer of cyanide to an activated 
ketone coordinating to the Lewis acidic Gd. The positions of both the activated 
nucleophile and the electrophile are determined by the asymmetric bimetallic 
complex, thereby affording high enantioselectivity. 

Gd(0'Pr)3-1(1:2) J m Q 

O (1-5 mol %) V 
X , + TMSCN • R 1 " ^ R 2 

Ph 

C H 3 C H 2 C N 

66%-97 ee 

chiral ligand = ! / ^ ~ ^ 

o ^ x ^ - 0 ' N c 6 0 

TMS 

3:X = CI HO ^ X 4 

Scheme 1. Catalytic enantioselective cyanosilylation of ketones 

We extended this catalysis to enantioselective Strecker reaction of ketimines. 
Initial optimization using acetophenone-derived ketimines allowed us to identify 
two important parameters for reaction efficiency: (1) N-phosphinoyl imines 
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produced high reactivity and enantioselectivity; (2) an electronically tuned 
catalyst generated from ligand 2 was more active and enantioselective than the 
catalyst derived from 1. Thus, using 2.5 mol % catalyst, the product from 
acetophenone-derived ketimine was obtained in 94% yield with 95% ee (24 h) 
(4a). Heteroaromatic and aliphatic ketimines, however, afforded less satisfactory 
results. 

Studies toward expanding substrate generality led us to identify beneficial 
effects of protic additives. Thus, using 1.5 equiv of T M S C N and 1 equiv of 2,6-
dimethylphenol (conditions A), excellent enantioselectivity was produced from a 
wide range of ketimines, including aromatic, heteroaromatic, cyclic, and 
aliphatic ketimines (Table 1) (4b). 

The protic additive significantly improved the catalyst activity as well as 
enantioselectivity. To gain insight into the additive effect, ESI-MS studies of the 
catalyst were performed in the presence of 2,6-dimethylphenol. A catalyst 
prepared from a 1:2 ratio of Gd(0'Pr) 3 and 2, in the presence of T M S C N (15 
equiv to the catalyst) in acetonitrile, mainly afforded a peak corresponding to the 
0-silylated 2:3 complex (Scheme 2, 5). When 2,6-dimethylphenol (10 equiv) 
was added to the catalyst solution, the peak corresponding to 5 disappeared and 
a new peak corresponding to an O-protonated 2:3 complex 6 appeared (Scheme 
2, eq. 1). Therefore, this protonated complex was a highly active 
enantioselective catalyst in this asymmetric Strecker reaction of ketimines. 

Gd(0'Pr)3 + 2 
+ 2 TMSCN 

i 

O - G d G d -V 
Co' NCCN c J 

TMS 5 TMS 

+ HCN 

W-Gd G d - . ^ 
CO' NC OJ 

A 6 

HCN 2TMSCN 

Scheme 2. Generation of proton-containing asymmetric catalyst 

Based on this finding, we expected that the same active catalyst 6 would be 
generated through the reaction of H C N with 5 (Scheme 2, eq. 2). Protonolysis 
with H C N produces 2 equiv of T M S C N . Thus, only a catalytic amount of 
T M S C N is required if H C N is used as the proton source and stoichiometric 
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cyanide source. This would lead to a further advanced catalytic enantioselective 
Strecker reaction that might be applicable to industrial scale synthesis of a,ct-
disubstituted amino acids. 

Table 1. Catalytic Enantioselective Strecker Reaction of Ketimines 

HQ O 

N' 2 Condition A or B a N C ^ N - P P h 2 

r 1 A r 2 CH 3 CH2CN, -40 - C * R 1 R 2 

entry substrate ( c a t . SSJSliol%) t j m e ( h ) y i 6 ' d ( % ) e e ( % ) 

( Q ) p h 2 

1 Jj) A(1) 30 94 92 

2 [ P y ^ M e B(°-1) 1 9 9 7 9 0 

N . P ( 0 ) P h 2 

"l^Me A<1> 3 1 9 7 9 5 

4 A(1) 21 93 93 
5 f r ^ M e B(1) 3 99 99 

c6 
N ^P(0)Ph 2 

CH 3 (CH 2 ) 4 (\/|e 

N P ( 0 ) P h 2 

Me 

P n - ^ M e 

A(1) 22 92 92 

K r P ( 0 ) P h 2 

N A(1) 43 73 90 

A (2.5) 2.5 91 80 

M . P ( 0 ) P h 2 

N A(1) 38 93 96 

" Condition A: catalyst = Gd(0 /Pr) 3 (x mol %) + 2 (2x mol %); T M S C N (1.5 equiv), 2,6-
dimethylphenol (1 equiv). Condition B: catalyst = Gd(0'Pr) 3 (x mol %) + 2 (2x mol %); 
T M S C N (2-5 mol %), H C N (150 mol %). 

As expected, the reaction proceeded smoothly in the presence of a catalytic 
amount of T M S C N and a stoichiometric amount of H C N (Table 1, condition B) 
(4c). The reaction time was significantly shortened compared to using 2,6-
dimethylphenol as an additive (condition A). The higher reactivity allowed us to 
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reduce the catalyst amount to as low as 0.1 mol %, while maintaining excellent 
enantioselectivity. The difference in reactivity when using H C N or 2,6-
dimethylphenol as the proton source might be partly due to the acidity of the 
additive. In the presence of H C N (pK a = 9.2), the concentration of the active 
catalyst 6 should be higher than in the presence of 2,6-dimethylphenol (pKa = 

Scheme 3. Catalytic cycle of enantioselective Strecker reaction of ketimines 

We proposed the catalytic cycle under condition B as shown in Scheme 3. 
To the active catalyst 6, the substrate ketimine is incorporated and activated. An 
intramolecular cyanide transfer from the gadolinium isocyanide to the activated 
substrate defines the enantioselectivity (8), and the zwitter ionic intermediate 9 is 
generated. In this step, the characteristics of phosphinoyl ketimines—i.e., the 
cis/trans isomers equilibrate very rapidly at the reaction temperature (-40 °C) 
(4a)—should work advantageously in determining the reactive imine geometry. 
The intermediate 9 should collapse through intramolecular proton transfer, and 
the product was liberated with regeneration of gadolinium alkoxide complex 7. 

10). 

Gd(0'Pr)3 + 2 
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From 7, successive reactions with T M S C N and H C N reproduced the active 
catalyst 6. The reaction did not proceed at all in the absence of a catalytic 
amount of T M S C N at -40 °C. This finding suggests that the active catalyst 6 is 
generated only through the silylated pre-catalyst 5, and direct generation of 6 
from the alkoxide complex 7 and H C N does not occur at -40 °C. 

Synthetic Application 

Due to the versatility of a,ct-disubstituted amino acids in biologically active 
compounds, there are many potential synthetic targets for our reaction. We 
achieved catalytic asymmetric synthesis of sorbinil (10) (4b) and lactacystin (11) 
(9) using the catalytic enantioselective Strecker reaction of ketimines. 

O 
n 

r P P h 2 

1 
10g-

O 
2 
scale 

condition A 
Gd(0'Pr)3-2(1:2)(1 mol %) 
TMSCN (1.1 equiv) 
2,6-dimethylphenol (1 equiv) 
CH3CH2CN, -40 °C, 83 h 

or condition B 
Gd(0'Pr)3-2 (1:2) (0.5 mol %) 
TMSCN (5 mol %) 
HCN (1.5 equiv) 
CH3CH2CN, -40 °C, 1.3 h 

N-PPh2 

13 
100%, 98% ee recryst. from 
93%, >99% ee J CHCI3-hexane 

(condition A) 
96%, 93% ee (condition B) 

1) HCI aq.90 °C 
2) KCNO, H20, 100 °C 

3) HCI, H20, 100 °C 
67% (3 steps) O 

sorbinil (10) 

Scheme 4. Catalytic asymmetric synthesis of sorbinil 

Sorbinil (10) is a potent inhibitor of aldose reductase developed by Pfizer, 
and could be a therapeutic agent for chronic complications of diabetes mellitus 
(such as neuropathy) (10). Sorbinil contains a chiral spirohydantoin structure, 
and its biologic activity resides in the (5)-enantiomer. A straightforward 
synthesis of sorbinil was achieved using the catalytic enantioselective Strecker 
reaction of ketimine 12 as a key step (Scheme 4). The reaction proceeded using 
1 mol % of catalyst under condition A or 0.5 mol % of catalyst under condition 
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B, affording 13 with excellent enantioselectivity. Enantiomerically pure 13 was 
obtained by recrystallization of a crude mixture. The reaction was performed in 
10 g-scale. Acid hydrolysis followed by hydantoin formation produced 10 in 
high overall yield. No silica gel chromatography was necessary from 12 to 10. 

'Pr 

Gd{N(SiMe3)2}3-2 
O (1:1.5) (2.5 mol %) 
P>Pn TMSCN (2 equiv) 

2,6-dimethylphenol N Q HN-PPh2 1) cone. HCI aq. Et02C NHBoc 
(1 equiv) 

14 

CH3CH2CN 
-40 °C, 2 days 

1) 0 3 : Me2S 
2) NaCI02 

3) H 2 S0 4 

EtOH 
81% (3 steps) 

C02Et 

1) LHMDS 
PhSeBr 

2) H 2 0 2 

92% (2 steps) Acd 

19 

'Pr 

15 
>99%, 98% ee 

'PrMgBr; 
recryst. 

53% 
(d.r. = 10:1) 

1)Et2NPh2SiLi 

, ^NBoc E t 2 Z n 

^ J^-C0 2 Et 2) mCPBA, KHF2> 

57% (2 steps) 
(>30: 1) 

2) SOCI2, EtOH . 

3) Boc20 
NaHC03 

68% (3 steps) 

Pr 
1 
16 

1)Ac20, py. 
C 0 2 B 2) Boc2Q, Et3N^ 

93% (2 steps) 

NBoc LDA; Mel 
C02Et HMPA, THF 

58% (d.r. >15:1) 
(94% b.r.s.m.) 

known 

Donohoe's intermediate 

C0 2 H 

21 

HO 

(+)-lactacystin (11) 

Scheme 5. Catalytic asymmetric total synthesis of lactacystin 

(+)-Lactacystin (11) is a potent and selective proteasome inhibitor, isolated 
from the Streptomyces sp. by Omura et al (//). Due to its potent biological 
activity and complex chemical structure, many synthetic chemists study 11 as a 
synthetic target (12). We planned to utilize our catalytic enantioselective 
Strecker reaction for the construction of the tetrasubstituted carbon C-5 of 
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lactacystin. Based on this plan, a-hydroxy ketimines are an obvious starting 
point. This type of imine, however, is unstable and not isolable in a pure form. 
Thus, we utilized an enone-derived, stable 14 as a masked a-hydroxy ketimine 
(Scheme 5). 

Imine 14, containing a bulky isopropyl group at the cc-position, was barely 
reactive under the Strecker reaction conditions, and optimization of the reaction 
conditions was necessary. It was found that the catalyst generated from 
Gd{N(SiMe 3 ) 2 } 3 and 2 in a 2:3 ratio produced higher activity and 
enantioselectivity than the catalyst prepared from Gd(0'Pr) 3. The modified 
catalyst preparation method afforded the active 2:3 complex in a pure form, 
which was detected by ESI-MS (13). The catalyst activity difference depending 
on the preparation methods was attributed to the purity of the active 2:3 complex. 
Thus, the Strecker reaction of 14 completed using 2.5 mol % catalyst in 2 days, 
and product 15 was obtained in quantitative yield with 98% ee. 

Amidonitrile 15 was converted to the protected amino acid derivative 
16, which was further transformed to y-lactam 17 through ozonolysis, 
oxidation, and cyclization. Stereoselective reduction of C-9 ketone using 
'PrMgBr (14) via a presumed cyclic transition state produced a 
diastereomixture of C-9 secondary alcohols with the desired a-alcohol 18 as 
the major isomer (d.r. = 10:1). Diastereomerically and enantiomerically pure 
18 was obtained by recrystallization of the crude mixture from a toluene-
hexane mixed solvent. After protection of the secondary alcohol and the 
lactam nitrogen atom with acetyl and Boc groups, respectively, 
selenenylation and oxidation produced the a,P-unsaturated lactam 19 in 
excellent yield. The P-hydroxyl group of C-6 was introduced via a 
stereoselective conjugate addition of the Et 2 NPh 2 Si group from the less 
hindered side of the enone, followed by Tamao-Fleming oxidation of the 
silicon with retension of configuration, producing enantiomerically pure 
known intermediate 20. Methylation at C-7 of 20 under the conditions 
developed by Donohoe (15) produced the desired stereoisomer 21, which 
was further converted to lactacystin following the procedures reported by 
Corey (16) and Donohoe. 

Structural Studies of the Poly Gadolinium Asymmetric 
Catalysts 

To elucidate the enantio-differentiation mechanism of the Gd catalyst, we 
studied crystallization of the catalytic species by varying the ligand structure and 
metal. Colorless, air-stable prisms were obtained from a propionitrile-hexane 
(2:1) solution of the complex prepared from a 2:3 ratio of Gd(0'Pr) 3 and ligand 
3 (crystal A: 80% yield). X-ray crystallographic analysis revealed that crystal A 
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was a 4:5 complex of Gd and 3 with a ji-oxo atom surrounded by four 
gadolinium atoms (Figure l ) ( /7) . The tetranuclear structure was maintained in a 
solution state, and the sole peak observed by ESI-MS corresponded to crystal A . 

Figure I. (a) Crystal structure of 4:5+oxo complex (crystal A) and (b) its 
chemical structure depiction. 

Previously, the MS peak corresponding to crystal A was observed, 
concomitant with the 2:3 complex (active catalyst), in a solution prepared from 
a 1:2 ratio of Gd(0'Pr) 3 and 1 or 2. The high yield of crystal A suggested that 
there is a conversion process from the 2:3 complex to the 4:5+oxo complex 
(crystal A) during crystallization. Time-dependent conversion of the 2:3 
complex to the 4:5+oxo complex in a solution state was observed by ESI-MS. 
This conversion was an auto-catalytic process. Thus, seeding the 4:5+oxo 
complex to a solution containing pure 2:3 complex (prepared from 
Gd{N(SiMe 3) 2}3) markedly accelerated the formation of the 4:5+oxo complex. 
The 4:5+oxo complex is thermodynamically more stable than the active 
kinetically-formed catalyst, the 2:3 complex. 

The function of crystal A as an enantioselective catalyst was evaluated by 
Strecker reaction of ketimines. To our surprise, enantioselectivity was 
completely reversed when crystal A was used as a catalyst, compared to the 
catalyst prepared in situ (Table 2) (77). This dramatic reversal in 
enantioselectivity was attributed to the change in the higher-order structure of 
the chiral polymetallic catalyst. The reaction rate was approximately 5-50 times 
slower than that using the catalyst prepared in situ. Due to the marked difference 
in catalyst activity, the major enantiomer obtained using the catalyst prepared 
from Gd(0'Pr) 3 was (5), whereas the catalyst solution contained a mixture of the 
2:3 complex and the 4:5+oxo complex. 
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Efforts to elucidate the structure of the active 2:3 complex continued. 
Colorless, air-stable prisms (crystal B) were obtained from a THF solution of 
La(0'Pr) 3 and ligand 1 mixed in a 2:3 ratio (47% yield). The x-ray diffraction 
study revealed the structure to be a pseudo C2-symmetric 6:8 complex of La and 
1 [Figure 2(a)] (17). Six La atoms were arranged in line as a backbone, and 
eight chiral ligands were arranged around the backbone. This structure was 
maintained in solution, based on the fact that the parent peak corresponding to 
crystal B was observed by ESI-MS. In addition, two major fragment peaks 
corresponding to metakligand = 2:3 and 4:5+oxo complexes were observed. 

Table 2. Dramatic Reversal of Enantioselectivity Depending on the Higher-
Order Structure of the Polymetallic Catalyst 

0 catalyst (2.5-10 mol %) o 
/ P P h 2 TMSCN (1.5 equiv) H ll 

N 2,6-dimethylphenol (1 equiv) 2 

R 1 ^ R 2 CH3CH2CN,-40 °C K (S) 

entry substrate 
catalyst 

(Gd mol %) time/ h yield/ % ee/% config. 

1 
2 

N P(0)Ph 2 

Gd-3 (5) 
crystal A (7) 

0.5 
2 

99 
99 

98 
91 

(S) 
(R) 

3 
4 

s 
N P(0)Ph 2 Gd-3 (5) 

crystal A (7) 
0.5 
1 

99 
93 

88 
96 

(S) 
(R) 

5 
6 

Ph N P ( ° > P h * Gd-3 (5) 
crystal A (7) 

2 
2 

99 
95 

87 
87 

(S) 
(R) 

7 
8 

N P(0)Ph 2 

Gd-2 (2.5) 
crystal A (7) 

2.5 
12 

91 
99 

80 
82 

(S) 
(R) 

9 
10 

N P(0)Ph 2 

Gd-3 (10) 
crystal A (7) 

2 
14 

92 
99 

74 
98 

(S) 
(R) 

The ESI-MS fragment patterns of crystal B provide insight into the 
relevance of crystal B to the optimized Gd catalyst (2:3 complex) in solution. 
The observed MS-fragments (2:3 and 4:5+oxo) can be viewed as subunits of the 
entire polymetallic assembly. The x-ray structure of crystal B supports this 
consideration: the distances between the second and the third La atoms from 
both ends of the 6:8 complex was significantly longer than those between the 
first and the second La atoms [Figure 2(b)]. In addition, the coordination number 
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Figure 2. (a) Crystal structure of 6:8 complex (crystal B) and (b) its chemical 
depiction. 

of the third La was smaller than those of the first and the second La, which 
might induce Lewis base coordination to the third La and dissociation of the 
terminal 2:3 subunits. Thus, the 6:8 complex (crystal B) is likely to be 
constructed via assembly of the 2:3 subunit and the 4:5+oxo subunit. The 
terminal 2:3 subunits of crystal B might correspond to the optimized active 
catalyst. This hypothesis is supported by the fact that crystal B (8 mol % La) 
promoted the catalytic enantioselective Strecker reaction of acetylthiophene-
derived ketimine, giving the product with 26% ee. Configuration of the major 
product was the same (S) as when using a catalyst prepared in situ. Crystal B 
produced a similar level of enantioselectivity as when using a catalyst prepared 
in situ from La(0'Pr) 3 and 1 (16% ee). Therefore, crystal B represents one of the 
structures of the lanthanum catalyst in solution. 

Although the three-dimensional structure of the actual catalyst (2:3 
complex) has yet to be clarified, these results demonstrated that the higher-order 
structure of an artificial asymmetric polymetallic catalyst is a determining factor 
of the function (enantioselectivity and activity). This finding led to new chiral 
ligand design (22) (18). Whereas the Gd catalyst derived from 22 produced less 
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satisfactory results in the Strecker reaction of ketimines compared to 2, it 
exhibited markedly higher catalyst activity and enantioselectivity in the 
asymmetric aziridine-opening reaction with T M S C N (Scheme 6). Despite the 
fact that ligands 2 and 22 contained the same chirality, enantiomer products were 
produced, which was totally unexpected. The enantio-switching was, however, 
attributed to the dramatic change in higher-order structure of the polymetallic 
complexes depending on the ligands. Studies are currently ongoing to identify 
novel functions of the catalyst derived from 22. 

Gd(0 /'Pr)3-2(1:2) 
(10-20 mol %) 1 H 

TFA (2.5-5 mol %) - ^ N - - A r 

x v | Y TMSCN (3 equiv) 1 Q P h y P h 

O / 2,6-dimethylphenol (1 equiv) R C N QT V ^ I 
* 1 \ II / C H 3 C H 2 C N , rt-60 °C 80-93% ee I J 

J > ^ S \ r \ H O ^ Y 

Gd(0'Pr)3-22 (1:1.5) . H 
Ar = p - N 0 2 - C 6 H 4 \ ( 1 _ 2 m o | %) R 1 v ^ N Ar 

TMSCN (3 equiv) 
2,6-dimethylphenol (1 equiv) 

Y Y 
R1 ; "<CN° 

THF, rt-reflux 93-99% ee 

22 HO 

Scheme 6. Catalytic asymmetric aziridine-opening reaction with TMSCN: 
Ligand 22 designed from the higher-order catalyst structure consideration 

Conclusion 

In this review, we described the substrate scope, synthetic application, and 
mechanism of the catalytic enantioselective Strecker reaction of ketimines 
developed in our group. The catalyst contained higher-order structures 
constructed via modular self-assembly. The higher order structure was the 
determining factor of the asymmetric catalyst function. Our future research aims 
in this area include: (1) logical design of the assembly structure, and (2) 
identification of new biologic functions of chiral a,oc-disubstituted amino acids 
in pharmaceutical design. 
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Chapter 8 

Asymmetric Amino Acid Synthesis 
by the Asymmetric Alkylation of Glycine Derivatives 

with Chiral Spiro-Type and Simplified 
Phase-Transfer Catalysts 
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Kyoto 606-8502, Japan 

This review illustrates our recent development on the design of 
various types of chiral phase transfer catalysts, which possess 
the high environmentally-benign property, and successfully 
applied them to practical asymmetric synthesis of useful amino 
acid derivatives. 

1. Introduction 

The chemical community has witnessed the exponential growth of phase 
transfer catalysis as a practical methodology for organic synthesis, featuring its 
simple experimental operations, mild reaction conditions, inexpensive and 
environmentally benign reagents and solvents, and possibility to conduct large-
scale preparations (/). Nowadays, it appears to be a prime synthetic tool being 
appreciated in various fields of organic chemistry, and also find widespread 
industrial applications. On the other hand, the development of asymmetric phase 
transfer catalysis based on the use of structurally well-defined chiral, non-
racemic catalysts has progressed rather slowly, despite its great importance to 
create a new domain in modern asymmetric catalysis by taking full advantage of 
structurally and stereochemically modifiable tetraalkylonium cations. However, 
recent enormous efforts toward this direction have resulted in notable achieve-
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ments, making it feasible to perform various bond formation reactions under 
mild phase transfer-catalyzed conditions (2). Now, asymmetric phase transfer 
catalysis is certainly one of the hottest research area in asymmetric 
organocatalysis. This review illustrates our recent development on the design of 
various types of chiral phase transfer catalysts, which possess the high 
environmentally-benign property, and applied them to practical asymmetric 
synthesis of useful amino acid derivatives. For other synthetic applications of 
chiral phase transfer catalysts, the reader should consult the excellent published 
reviews of asymmetric phase-transfer catalysis (2). 

2. Design of Spiro-Type Chiral Phase Transfer Catalysts 

2-1. Asymmetric Synthesis of a-Alkyl-a-Amino Acids 

Since the initial work of O'Donnell et al. in 1989 (3% asymmetric synthesis 
of a-alkyl-a-amino acids by asymmetric phase transfer alkylation of a prochiral 
protected glycine derivative using a chiral catalyst has become an attractive 
method for the preparation of both natural and unnatural amino acids (4). 
However, when we started asymmetric phase transfer chemistry in 1998, almost 
all the elaborated chiral phase transfer catalysts had been restricted to cinchona 
alkaloid derivatives, which unfortunately constituted a major difficulty in 
rationally designing and fine-tuning of catalysts to attain sufficient reactivity and 
selectivity. In this context, the structurally rigid, chiral spiro ammonium salts of 
type 1 derived from commercially available (5)- or (/?)-l,l'-bi-2-naphthol have 
been designed as a new C2-symmetric chiral phase transfer catalyst (Scheme 1) 
and successfully applied to the highly efficient, catalytic asymmetric synthesis of 
various a-alkyl-ot-amino acids under mild phase transfer conditions (5). 

Attempted benzylation of 7V-(diphenylmethylene)glycine /ert-butyl ester 2 
with 1 mol% of symmetric (S,5)-la in 50% aqueous NaOH-benzene (volume 
ratio = 1:3) at room temperature afforded the corresponding benzylation product 
3a in 76% yield with 73% ee. Introduction of aromatic substituents (Ar) on the 
3,3'-position of one binaphthyl subunit of the catalyst afforded a beneficial effect 
on the enantiofacial discrimination, and the similar reaction in toluene under the 
influence of (S,S)-lb gave the product 3a in 82% yield with 89% ee (Scheme 2). 
Switching the catalyst to (S,5)-lc and sterically more hindered (S,S)-ld further 
increased the enantioselectivity to 96% ee and 98% ee, respectively, and 
virtually complete stereochemical control was achieved using (S,S)-le as catalyst 
(6,7). The lower chemical yield (79%) with (5,5)-le was ascribed to the 
intervention of enolate oxidation by aerobic oxygen and was improved to 90% 
by simply performing the reaction under argon atmosphere. In the case of a 
reactive alkyl halide, the catalyst loading can be reduced to 0.2 mol% without 
loss of enantiomeric excess (7). 
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Scheme 2 
(S,S)-1b~e o 

2 toluene P n 3a 
0 ° C 

(S,S)-1b: 82%,89%ee 
(S,S)-1c: 95%, 96% ee 
(S,S)-1d: 91%, 98% ee 
(S,S)-1e: 79%, 99% ee 

Scheme 3 

Ph 

n (S,S)-1e o 

,C=N S , + R§X ( 1 m ° l % ) • 
^ X > B u ' 50% KOH A 

2 toluene 
0 ° C , Ar 

R H 

CH 3 CH 2 I 
Br Br [ with CsOHiH 2 0 

a t § 1 5 ° C 

80%, 99% ee 80%, 99% ee 89%, 98% ee 

Cl Me 

81 %, 96% ee 98%, 99% ee 90%, 99% ee 

Ph 

Br 

92%, 99% ee 

Br 

O 
86%, 98% ee 
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(5,5)-le is the catalyst of choice for the preparation of a variety of 
essentially enantiopure ar-alkyl-ot-amino acids by this transformation (Scheme 3). 
Facile asymmetric synthesis of a-alkyl-ot-amino acids, which is usually 
inaccessible by enzymatic processes, becomes feasible by employing appropriate 
electrophiles such as or/Ao-disubstituted benzyl bromides. In the reaction with 
the simple alkyl halides such as ethyl iodide, use of aqueous cesium hydroxide 
(CsOH) as a basic phase at lower reaction temperature is generally 
recommended (7). Since both enantiomers of the catalyst of type 1 can be readily 
available from either (/?)- or (5)-l,l'-bi-2-naphthol, a wide variety of natural and 
unnatural or-alkyl-a-amino acids can be synthesized in an enantiomerically pure 
form by the catalytic phase transfer alkylation of 2. 

The synthetic utility of chiral phase transfer catalysis of 1 was highlighted 
by the facile synthesis of L-Dopa ester 4 (R 2 = OH) and its analogue (Scheme 4), 
which have usually been prepared by either asymmetric hydrogenation of 
eneamides or enzymatic processes and tested as potential drugs for the treatment 
of Parkinson's disease. The successful asymmetric synthesis of natural tyrosine 
tert-buty\ ester 4 (R 2 = H) in a similar manner strongly implies the feasibility of 
highly enantioselective synthesis of various L-Dopa analogues (8). 

Scheme 4 

o 
O 0 

II (RR)1e H * > A >Bu< H

 H 2 N > A > B . 
^ OBu f (1 mol%) citric acid n N / y ^ 10% Pd/C ^ r j ^ f 

R l ^ ^ D 50% KOH THF ^ v . D THF 4 ^ A n H Br toluene ^ OBn ^ OH 
^ 0 °C R 2 = OBn : 81%, 98% ee R 2 = OH : 94%, 98% ee 

B n 0 R 2 = H : 83%, 98% ee R 2 = H : 93%, 98% ee 
(R 2 = H or OBn) 

In order to fully induce the potential catalytic activity of TV-spiro chiral 
ammonium salt such as Id, we have developed binary phase transfer catalysis 
using an appropriate achiral co-catalyst. For instance, the phase transfer-
catalyzed alkylation of 2 with benzyl bromide under the influence of (R,R)-Id 
(0.05 mol%) turned out to be sluggish to give 3a in only 4% yield (92% ee), 
while benzylation of 2 in the presence of 18-crown-6 (5) (0.05 mol%) under 
similar conditions proceeded smoothly to furnish 3a in 98% yield with 98% ee 
(Scheme 5) (9). The origin of this dramatic rate enhancement would be the 
ability of the crown ether to extract K O H into toluene phase, thereby 
accelerating otherwise slow deprotonation process. Interestingly, achiral 
tetrabutyl- and tetraoctylammonium bromides are also employable for this 
purpose. Unfortunately, however, the origin of the acceleration effect by adding 
achiral tetrabutyl- and tetraoctylammonium bromides remains unclear. 
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Scheme 5 

O (R,R)-1d(0.05moI%) O 

P h 2 C = N ^ A 0 B u f + p h C H 2 B r 5 ( 0 0 5 m O l % ) • PH2C=N>A>Bu' 
2 toluene§50% KOH H ' \ 

r ^ O ^ 0 °C, 3 h ent-3a P h 

,0 98%, 98% ee 
4% (92% ee) without 5 

K^O^J 18-crown-6(5) 

In the series of this work, introduction of 3,3'-diaryl substituents to the 
parent symmetrical ammonium bromide la is found to be crucially important for 
obtaining high enantioselectivity. In this reagrd, we have been interested in the 
possibility of examining the effect of adjacent 4,4*-substituents of the catalyst 
rather than 3,3'-substituents in the asymmetric phase transfer alkylations (10). 
Interestingly, even 4,4'-diaryl substituents of the catalysts of type 6 (Scheme 6) 
exhibited unexpectedly high asymmetric induction on such asymmetric phase 
transfer alkylations. For example, asymmetric alkylation of 2 with benzyl 
bromide in toluene-50% aqueous K O H under the influence of 1 mol% of catalyst 
(S,S)-6 gave rise to benzylation product 3a in 90% yield with 91% ee. The 
observed enantioselectivity is rather surprising compared to that (89%) ee) using 
3,3-diphenyl-substituted lb under similar reaction conditions. Sterically more 
hindered 4,4',6,6'-tetrakis(3,5-diphenylphenyl)binaphthyl analogue (S,S)-6b was 
also prepared and applied to the asymmetric alkylation of 2 to furnish the 
alkylation product 3 with slightly higher enantioselectivity (96% ee) and shorter 
reaction time (cf., 98% ee in the asymmetric benzylation of 2 with Id under 
similar phase transfer conditions). 

Scheme 6 
Ar 

Ar 
(S,S)-6a (Ar= Ph) 
(S,S)-6b (Ar = 3,5-Ph2-C6H3) 

On the other hand, we were intrigued with the preparation of symmetrical N-
spiro type catalyst to avoid the independent synthesis of two different 
binaphthyl-modified subunits required for 1. Along this line, 4,4',6,6'-
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tetraarylbinaphthyl-substituted ammonium bromide 7 was assembled through the 
reaction of aqueous ammonia with bis-bromide 8 on the basis of our study on the 
substituent effect of this type of salts. Evaluation of 7 as a chiral phase transfer 
catalyst in the alkylation of 2 uncovered its high catalytic and chiral efficiency 
(Scheme 7) (11). 

Ar' 
Ar 

(S,S)-7a (Ar = 
(S,S)-7b (Ar = 

Ar 
Ar' = 3,5-Ph2-C6H3) 
3,5-Ph2-C6H3, AC = H) 

Ph 2 C OBu1 + R-Br 

(S,S)-7a or b 
(1 mol%) 
50% KOH 
toluene 

0 ° C 

Ph2C= 
OBu f 

R H 

R = CH 2Ph with (S,S)-7a 
with (S,S)-7b 

R = CH 2 CH=CH 2 with (S,S)-7a 
with (S,S)-7b 

87%, 97% ee 
86%, 96% ee 
76%, 93% ee 
91%, 92% ee 

2-2. Asymmetric Synthesis of a,a-Dialkyl-ot-amino Acids 

With this basic information at hand, our attention has been focused on the 
a,a-dialkyl-a-amino acid synthesis. We envisioned that two different side 
chains could be introduced directly to the aldimine Schiff base 9 derived from 
glycine in a highly enantioselective manner by appropriate chiral phase transfer 
catalysis (Scheme 8). This possibility of the one-pot asymmetric double 
alkylation has been realized by using C2-symmetric chiral quaternary ammonium 
bromide (5,5)-1 (12). Initial treatment of the toluene solution of 9 and (5,5)-lc 
(1 mol%) with allyl bromide and CsOH»H 2 0 and the subsequent reaction with 
benzyl bromide resulted in formation of the double alkylation product 10 in 61% 
yield with 87% ee after hydrolysis. It is of interest that the use of (5,5)-le as 
catalyst under similar conditions enhanced both the chemical yield and the 
enantioselectivity to 80% and 98% ee, respectively (12). The distinct feature of 
this procedure is that it enables straightforward asymmetric synthesis of various 
a,a-dialkyl-ot-amino acids including those otherwise inaccessible from the 
naturally occurring amino acids. Notably, in the double alkylation of 9 by the 
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addition of the halides in a reverse order, the absolute configuration of the 
product was confirmed to be opposite, indicating the intervention of the expected 
chiral ammonium enolate in the second alkylation stage (Scheme 8). This double 
alkylation procedure works well only for reactive alkyl halides. 

Since the stereochemistry of the newly created quaternary carbon center was 
apparently determined in the second alkylation process, the core of this method 
should be applicable to the asymmetric alkylation of aldimine Schiff base 11 
derived from the corresponding a-amino acids. Indeed, rapid benzylation of dl-
alanine-derived imine 11a occurred in toluene with benzyl bromide and 
CsOH«H 2 0 using (S,5)-le (1 mol%) as a catalyst, giving the alkylation product 
12 (R 1 = Me, R 2 = CH 2 Ph; 85%) in an almost enantiomerically pure form (98% 
ee). Other selected results illustrated in Scheme 9 demonstrate the remarkable 
efficiency and generality of this method (12). Use of ter/-butyl ar-bromoacetate 
as an alkylating agent allows facile enantioselective access to or-methyl aspartic 
acid and asymmetric synthesis of a-methyl tryptophan, an important amino acid 
for the design of dipeptoid with high affinity for the central cholecystokinin 
receptor, can also be realized. In addition, the phase transfer catalytic alkylation 
of aldimine Schiff base derived from other a-alkyl-a-amino acids such as dl-
phenylalanine (lib) and ^/-leucine (11c) also appeared to be feasible with high 
efficiency, providing the desired non-coded amino acid esters 12 with excellent 
asymmetric induction (Scheme 9). 

2-3. Asymmetric Synthesis of P-Hydroxy-a-amino Acids 

Although phase transfer catalytic enantioselective direct aldol reactions 
of glycine donor with aldehyde acceptors could provide an ideal method for 
the simultaneous construction of the primary structure and stereochemical 
integrity of P-hydroxy-ot-amino acids, extremely important chiral units, 

Scheme 8 

p-CI-Ph^N 

9 

74%, 92% ee 
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Scheme 9 

(S,S)-1e (1 mol%) 
R25X 

C s O H « H 2 0 
toluene 

§20-0°C 
R'R2 

OBu' 

12 
11a (R1 =Me) 
11b (R1 = PhCH2) 
11c (R1 = /-Bu) 

11a with R2X: PhCH2Br 
85%, 98% ee 71 %, 99% ee 73%, 98% ee 60%, 93% ee 

11b with R2X: ^ \ - B r 

71%, 97% ee 
11 c with R2X : < ^ B r PhCH2Br 

70%, 93% ee 64%, 92% ee 

especially from the pharmaceutical viewpoint, the examples reported to 
date are very limited. In this context, we were able successfully to realize 
an efficient, highly enantioselective direct aldol reaction of glycine Schiff 
base with aldehydes under phase transfer conditions using C2-symmetric 
chiral quaternary ammonium salt 1. Treatment of 2 with 3-phenylpropanal 
in toluene-1% NaOH aqueous solution in the presence of (R,R)-lf (2 
mol%) and subsequent hydrolysis with 1 N HC1 in THF resulted in the 
formation of the corresponding P-hydroxy-a-amino ester 13 in 76% 
isolated yield with the antilsyn ratio of 77:23, and the enantiomeric excess 
of the major anti isomer was determined to be 91% ee. Interestingly, use 
of (R,R)-\g possessing 3,5-bis[3,5-bis(trifluoromethyl)phenyl]phenyl 
substituent as a catalyst enhanced both diastereo- and enantioselectivities 
(antilsyn = 92:8, 96% ee for anti isomer) (Scheme 10) (13). 

The initially developed reaction conditions using 2 equiv of aqueous base 
(1% NaOH aq) exhibited inexplicably limited general applicability in terms of 
aldehyde acceptors. For example, reaction of glycine derivative 2 with 4-

Scheme 10 

-CHO + P h 2 C = N ^ A 
O 

(RR)-1f or g 
(2 mol%) H® 

Ph OBu' 1%NaOH THF 
toluene 

0°C 
2 

anf/'-13 syn-13 
(R,R)-1f : 76% (antilsyn = 77:23), 91% ee (anti isomer) 
(Rfl)-1g : 71% (antilsyn = 92:8), 96% ee (anti isomer) 
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benzyloxybutanal gave the aldol product with low diastereoselectivity (antilsyn 
= 58:42; 82% ee for anti isomer). The mechanistic investigation revealed the 
intervention of an unfavorable yet inevitable retro aldol process involving chiral 
catalyst 1. Based on this information, a reliable procedure has been established 
by use of the catalyst lg (2 mol%) with a catalytic amount of 1% NaOH (15 
mol%) and ammonium chloride (10 mol%), which tolerates a wide range of 
aldehydes to afford the corresponding a«f/-P-hydroxy-a-amino esters almost 
exclusively in an essentially optically pure form (Scheme 11) (14). 

Scheme 11 

OH 0 OH 0 OH 0 OH O 

P n / ^ A ^ A o e ^ C H 3 ( C H 2 ) 4

/ : Y ^ O B u ' P ' 3 S i a ^ Y ^ 0 B u ' C H 3 - ^ Y ^ 0 B u ' 
NH 2 N H 2 NH 2 NH 2 

98% ee 97% ee 98% ee 99% ee 
(82%, antilsyn = 96:4) (80%, antilsyn = 94:6) (73%, antilsyn = >96:4) (54%, antilsyn = >94:6) 

2-4. Asymmetric Conjugate Addition of Nitroalkanes 

Asymmetric conjugate addition of ot-anions of nitroalkanes to ot,P-
unsaturated esters is not an easy task. Accordingly, we developed the 
diastereo- and enantioselective conjugate addition of nitroalkanes to 
alkylidenemalonates 14 under mild phase transfer conditions by using 
chiral quaternary ammonium bromide l g as an efficient catalyst (Scheme 
12) (15). This new protocol offers a practical entry to the facile synthesis 
of optically active y-amino acid derivatives such as (/?)-Baclofen and (/?)-
Rolipram. 

3. Design of Simplified, Yet Very Efficient Chiral 
Phase Transfer Catalysts 

Our further efforts toward the design of very efficient, chiral phase transfer 
catalyst have led to the discovery that chiral quaternary ammonium bromide 15 
possessing flexible straight-chain alkyl groups instead of a rigid binaphthyl 
moiety functions as an efficient chiral phase-transfer catalyst. Most notably, the 
asymmetric alkylation of 2 with various alkyl halides proceeded smoothly under 
mild phase-transfer conditions in the presence of only 0.01-0.05 mol% of 15 to 
afford the corresponding alkylation products with excellent enantioselectivities 
(Scheme 13) (16). 

Various alkyl halides are employable for the practical synthesis of a-alkyl-
and a,a-dialkyl-a-amino acids (Scheme 14). 
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Scheme 12 

(S,S)-1g N N HN C 1 
C O l W (1 mol%) W> ^ H * H ^ 

14C0 2Pr< toluene P h T famine acids 
0 °c C0 2 Pr ' 

99% (anti/syn = 86:14) 
97% ee (anti isomer) 

(R)-Rolipram 

Scheme 13 

P h 2 C = N ^ X 

2 
OBu f 

PhCH2Br 

"3.4.5-F3-C6H2 
(S)-15 

caf. (S)-15 

50% KOH 
toluene 

0°C 

Ph 2 C=N 

Ph 

(S)-15 (1 mol%) 
(S)-15(0.1 mol%) 
(S)-15 (0.05 mol%) 
(S)-15 (0.01 mol%) 

OBu ' 

3a 

99%, >99% ee 
99%, 99% ee 
98%, 99% ee 
92%, 98% ee 

Scheme 14 

Ph 2C=N 
OBu 1 + RSX 

(S)-15 O 
(0.05 mol%) p h 2 c = N 

50% KOH 
toluene 

0 ° C 

OBu' 
FT H 

R§X: PhCH 2Br .Br 
Br 

98%, 99% ee 87%, 98% ee 88%, 98% ee 

p - C I - P h ^ N 

3 
CH 3 CH 2 I 

with CsOHiH 2 0 
at §20 °C 

67%, 99% ee 
(S)-15 

(0.05 mol%) ^ Y\ 
PhCH 2Br H @

f H 2 N ^ A , 

OBu f CsOH-H 2 0 THF M e * V r 

Me toluene Ph 
63%, 98% ee 
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In designing practical phase-transfer catalysts, the ready availability of 
starting chiral sources is crucial. Accordingly, chiral phase-transfer catalyst 16 
was conveniently prepared from the known, readily available (5)-4,5,6,4^5,,6,-
hexamethoxybiphenyldicarboxylic acid (17) derived from gallic acid. This 
catalyst (S)-16 exhibited the high catalytic performance (0.01-1 mol%) in the 
asymmetric alkylation of 2 compared to the existing chiral phase-transfer 

catalysts, thereby providing a general and useful procedure for highly practical 
enantioselective synthesis of structurally diverse natural and unnatural ot-alkyl-a-
amino acids (Scheme 15) (17). 

Scheme 15 

9 cat. (S)-16 r _ M ll 
P h ^ N - \ ) B u < + ™ H 2 B r P h > C - V % B u < 

2 toluene n
 3 a 

25 °C 

(S)-16 (1 mol%) : 97%, 97% ee 
(S)-16 (0.1 mol%) : 96%, 97% ee 
(S)-16 (0.05 mol%): 94%, 97% ee 
(S)-16 (0.01 mol%): 95%, 96% ee 

Conclusions 

This review overviews our recent development on the practical asymmetric 
synthesis of various useful organic molecules, particularly a-amino acids by 
designing several chiral phase transfer catalysts. Such achievements certainly 
provide valuable tools for the production of a wide variety of pharmaceutical 
intermediates. We believe that continuous efforts should be devoted for the 
rational design of various chiral organocatalysts including chiral phase transfer 
catalysts and their applications to synthetically useful transformations, which 
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would make great contributions to establish genuinely sustainable chemical 
processes within the context of forthcoming paradigm shift in worldwide 
production of highly valuable pharmaceutical substances in this century. 

References 

1. a) Dehmlow, E. V. ; . Dehmlow, S. S. Phase Transfer Catalysis, 3rd ed.; 
V C H : Weinheim, 1993; b) Starks, C. M.; Liotta, C. L. ; Halpern, M. Phase-
Transfer Catalysis; Chapman & Hall: New York, 1994; c) Sasson, Y . ; 
Neumann, R. Eds. Handbook of Phase-Transfer Catalysis; Blackie 
Academic & Professional: London, 1997; d) Halpern, M . E. Ed. Phase-
Transfer Catalysis; ACS Symposium Series 659; American Chemical 
Society: Washington, DC, 1997. 

2. a) O'Donnell, M. J. Aldrichimica Acta 2001, 34, 3; b) Maruoka, K. ; Ooi, T. 
Chem. Rev. 2003, 103, 3013; c) O'Donnell, M. J. Acc. Chem. Res. 2004, 
37, 506; d) Lygo, B.; Andrews, B. I. Acc. Chem. Res. 2004, 37, 518; e) 
Ooi, T.; Maruoka, K. Angew. Chem. Int. Ed., 2007, 46, 4222; f) Ooi, T.; 
Maruoka, K. Aldrichimica Acta 2007, 40, 77; g) Hashimoto, T.; Maruoka, 
K. Chem. Rev. 2007, 107, 5656. 

3. O'Donnell, M . J.; Bennett D. W.; Wu, S. J. Am. Chem. Soc. 1989, 111, 
2353. 

4. Maruoka, K. ; Ooi, T.; Kano, T. Chem. Commun. 2007, 1487. 
5. Maruoka, K. J. Fluorine Chem. 2001, 112, 95. 
6. Ooi, T.; Kameda, M . ; Maruoka, K. J. Am. Chem. Soc. 1999, 121, 6519. 
7. Ooi, T.; Kameda, M . ; Maruoka, K. J. Am. Chem. Soc. 2003, 125, 5139. 
8. Ooi, T.; Kameda, M.;Tannai, H. ; Maruoka, K . Tetrahedron Lett. 2000, 41, 

8339. 
9. Shirakawa, S.; Yamamoto, K. ; Kitamura, M.; Ooi T.; Maruoka, K . Angew. 

Chem. Int. Ed. 2005, 44, 625. 
10. Hashimoto, T.; Maruoka, K. Tetrahedron Lett. 2003, 44, 3313. 
11. Hashimoto, T.; Tanaka Y . ; Maruoka, K. Tetrahedron: Asymmetry 2003, 14, 

1599. 
12. Ooi, T.; Takeuchi, M . ; Kameda, M . ; Maruoka, K. J. Am. Chem. Soc. 2000, 

122, 5228. 
13. Ooi, T.; Taniguchi, M . ; Kameda, M . ; Maruoka, K. Angew. Chem. Int. Ed., 

2002, 41, 4542. 
14. Ooi, T.; Kameda, M . ; Taniguchi, M . ; Maruoka, K. J. Am. Chem. Soc. 2004, 

126, 9685. 
15. Ooi, T.; Fujioka, S.; Maruoka, K. J. Am. Chem. Soc. 2004, 126, 11790. 
16. Kitamura, M . ; Shirakawa, S.; Maruoka, K. Angew. Chem. Int. Ed. 2005, 44, 

1549. 
17. Han, Z.; Yamaguchi, Y . ; Kitamura, M . ; Maruoka, K. Tetrahedron Lett. 

2005, 46, 8555. 

  
 



Chapter 9 

Catalytic Asymmetric Synthesis of α-Amino Acid 
Derivatives: Approaches toward Green Sustainable 

Methodology for Preparation of Optically Active 
Amino Acids 

Yasuhiro Yamashita and Shū Kobayashi* 

Department of Chemistry, School of Science, The University of Tokyo, 
Hongo, Bunkyo-ku, Tokyo 110-0033, Japan 

Catalytic asymmetric synthesis of chiral α-amino acids using 
more environmental benign and green sustainable methods 
was described. Diastereo- and enantioselective Mannich-type 
reactions of α-hydrazono ester with silicon enolates for the 
synthesis of amino acid derivatives in aqueous media were 
achieved with a zinc fluoride-chiral diamine complex. The 
reaction successfully proceeded not only in an organic 
solvent/water-mixed system, but also in only pure water. 
Catalytic asymmetric 1,4-addition reactions and [3+2] 
cycloaddition reactions of glycine Schiff bases using chiral 
calcium complexes as catalysts were also developed. Calcium 
alkoxide-chiral bisoxazoline complexes worked well as chiral 
Brønsted bases to provide desired products in high 
enantioselectivities. Both concepts, asymmetric reactions 
using water as a solvent and using less harmful and ubiquitous 
metals as catalysts, are very important in design of new green 
chemical processes. 

128 © 2009 American Chemical Society 
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Introduction 

Development of efficient methods to supply chiral amino acids, especially 
unnatural ones, is a valuable and much interested topic in synthetic organic 
chemistry, since chiral amino acids are not only basic components of proteins 
but also one of the most important tools or intermediates in biological and 
medicinal chemistry. Recently, some synthetically useful protocols based on 
highly enantioselective reactions have been disclosed using several chiral metal 
catalysts. On the other hand, development of environmentally benign chemical 
methods is urgently required in laboratories as well as industrial process at the 
conjuncture of pollution to earth environment (earth warming, ozone hole, etc.) 
mainly caused by human activity. A solution to those problems in synthetic 
chemistry is reducing or replacement of harmful organic materials to 
environmentally benign ones by technological revolution. For example, switch 
of organic solvents to water is quite attractive and promising because water is 
cheap, safe and no forming of C 0 2 during its deactivating process. Alternatively, 
use of less harmful and ubiquitous metals instead of precious and harmful metals 
is a current important topic. In this chapter, we describe catalytic asymmetric 
synthesis of chiral a-amino acids using more environmental benign and green 
sustainable methods. 

1. Catalytic asymmetric additions to a-iminoesters using chiral Zn catalysts 
in aqueous media. 

Organic reactions in aqueous media have attracted a great deal of attention 
(1-4). Water is no doubt cheap, safe, and environmentally friendly when 
compared with organic solvents, and unique reactivity and selectivity, which 
cannot be obtained in organic solvents, are often observed in aqueous reactions. 
Moreover, from a synthetic viewpoint, these reactions have several advantages 
compared with reactions under anhydrous conditions, which are required in 
many conventional synthetic procedures. For examples, while it is necessary to 
dry solvents and substrates vigorously before use for many reactions in dry 
organic solvents, such drying is unnecessary for reactions in aqueous media. 

Asymmetric Mannich-type reactions for the synthesis of amino acid 
derivatives have been studied in recent years, and high enantioselectivities have 
been achieved in organic solvents (5-9), however it has been difficult to realize 
catalytic asymmetric Mannich-type reactions in aqueous media. To examine the 
catalytic asymmetric Mannich-type reactions in aqueous media, N-
acylhydrazone was chosen as an imine equivalent. N-acylhydrazones are readily 
prepared from aldehydes and Ar-acylhydrazines, and often isolated as much more 
stable crystals than the corresponding imines. It should be noted that hydrazines 
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such as the products of the Mannich reaction or allylation are interesting 
compounds, not only because hydrazines themselves can be used as unique 
building blocks, but also because N - N bond cleavage would lead to amine 
products (10) Furthermore, iV-acylhydrazones have been successfully used in 
Sc(OTf)3-catalyzed allylation in aqueous THF (11-13), indicating that they can 
be regarded as imine surrogates stable even in aqueous media. Here 
development of catalytic asymmetric Mannich-type reaction using chiral ZnF 2 

catalysts in aqueous media is described (Scheme 1) (14-16). 

NHBz o S I M e 3 BzHN 
+ R 1 " 

]Q R 3 H 20/co-solvent Q R2 R 3 

1 2 3 

Scheme 1. Asymmetric Mannich Reaction of N-Acylhydrazone 1 
in aqueous media 

An important feature in design of a chiral ligand for Lewis acid-mediated 
asymmetric reactions in aqueous media is its binding affinity to metal cations. 
The strong binding ability of ethylenediamine to Z n 2 + cation is noted (17), and 
various chiral analogues of ethylenediamine for catalytic asymmetric Mannich-
type reactions were tested in aqueous media. After many trials, it was found that 
the combination of chiral diamine 4a (18) and Zn(OTf>2 gave a low but 
significant ee (24%) in the reaction of a-hydrazono ester 1 with silyl enol ether 
2a in H 2 0 / T H F (1/9) (Table 1, entry 1). a-Hydrazono ester 1 and silicon 
enolate 2a were soluble in the aqueous THF media. The effect of the 
counteranions of Z n 2 + was then examined, but typical Zn Lewis acids were not 
effective (Zn(C10 4) 2, ZnBr 2 or ZnCl 2 ) . However, it was remarkable to find that 
high enantioselectivity was obtained when ZnF 2 was used (entry 2) (19). 
Interestingly, a stoichiometric amount of ZnF 2 led to a low yield due to rapid 
hydrolysis of 2a, high enantioselectivity was maintained in spite of using a large 
excess of ZnF 2 compared with the chiral diamine (entry 3). The main reason of 
this low yield is hydrolysis of silicon enolate 2a in the current reaction system. 
It was exciting to find that 1 mol % of TfOH significantly suppressed the 
hydrolysis of 2a, increasing the yield dramatically (entry 3 vs 4). The same 
level of enantioselectivity was obtained when the amount of ZnF 2 was lowered 
to 50 mol % (entry 5), although the yield was decreased when the amount of 
ZnF 2 was reduced further (entry 6). Effective additives other than TfOH in the 
reaction of 1 with 2a were searched in aqueous THF. While several acids 
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showed no marked effect, it was interesting to find that the reactions using metal 
triflates as additives gave better yields than the reaction without any additives 
(entries 9-11 vs entry 3). Especially, alkali metal triflates gave higher yields 
than TfOH, and the best yield was obtained when NaOTf was employed (entry 
9). These results indicate that TfOH acts not as a protic acid but as a triflate 
anion source. It is likely that 6ne fluoride anion of ZnF 2 is replaced with a 
triflate anion, and that ZnF(OTf) is generated in the reaction system. It is noted 
that ZnF(OTf) must be more Lewis acidic than ZnF 2 . 

Table 1. Optimization of Reaction Conditions in the Asymmetric 
Mannich-type Reaction 

ZnX 2 

Ph Ph 

W 
NH HN 

Ph 

,NHBz W

( , 0 : > O I % )

W B Z „ V Q 

E t O N J k H + ^X Additive (1 mol%) EtO. 
5 P h H 2 0/THF = 1/9,0 °C, 72 h £ 

1 (3.0 equiv) ( R ) " 3 a 

Entry ZnX2(mol%) Time (h) Additive Yield (%) ee(%) 
l a Zn(OTf) 2(10) 72 - 21 24 
2 a ZnF 2(10) 72 - 7 86 
3 ZnF 2(100) 72 - 19 90 
4 ZnF 2(100) 72 TfOH 93 92 
5 ZnF 2(50) 72 TfOH 89 92 
6 ZnF 2(30) 72 TfOH 34 89 

?b ZnF 2(100) 72 TfOH 34 -8 ZnF 2(100) 12 TfOH 57 90 
9 ZnF 2(100) 12 LiOTf 69 90 
10 ZnF 2(100) 12 NaOTf 73 92 
11 ZnF 2(100) 12 K O T f 68 91 

3 1.5 equiv of Si enolate and 12 mol% of chiral diamine were used. b The chiral diamine 
was not uesd. 

In addition, chiral diamines also influenced on the rate of the Mannich-type 
reaction. Indeed, various chiral diamines derived from (l/?,2/?)-l,2-
diphenylethylenediamine were tested in the reaction of 1 with 2a (1.5 equiv) 
under the conditions shown in Table 2, it was found that diamine 4c having 
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ortho MeO groups on its aromatic rings afforded much higher yield than 4a 
(entry 3). Although the corresponding ortho tolyl ligand 4b gave a comparable 
yield to 4a (entry 2), 4c gave higher enantioselectivity than 4a. Moreover, it 
was found that the use of 4e resulted in high yield and ee (entry 5), whereas 4f 
gave comparable yield and ee to 4a (entry 6). The above results demonstrate 
that the MeO group at the 2-position of the aromatic ring of chiral diamine 
ligands plays an essential role in attaining high yield and selectivity (20) When 
4i was employed, Mannich adduct (/?)-3a was obtained in satisfactory yield with 
the highest enantioselectivity among the diamines examined in Table 2 (entry 9). 
Furthermore, it is noteworthy that the reaction using 4i proceeded in high yield 
even in the absence of NaOTf (entry 10). 

Table 2. Effect of Ligands 

Ph Ph 

/—NH HN-^ 
Ar Ar 

4 (10 mol %) 
ZnF 2 (50 mol %) 

NaOTf (0.5 mol %) 
1 + 2a • (R)-3a 

(1.5 equiv) H 2 0/THF = 1/9, 0 °C, 6 h 

Entry Ar (diamine) Yield (%) ee(%) 
1 
2 
3 
4 
5 
6 
7 
8 
9 

Ph (4a) 25 
2-Me-C 6 H 4 (4b) 23 

2-MeO-C 6 H 4 (4c) 83 
2-EtO-C 6 H 4 (4d) 35 

2,5-(MeO) 2-C 6H 3 (4e) 84 
3,5-(MeO) 2-C 6H 3 (41) 19 

3-MeO-2-naphthyl (4g) 43 
2-MeO-4-'Bu-C 6 H 3 (4h) 53 
2-MeO-5-'Bu-C 6 H 3 (4i) 72 

86 
57 
93 
94 
93 
86 
91 
92 
96 

10" 2-MeO-5-'Bu-C 6 H 3 (4i) 81 96 
3 Without NaOTf. 

One of the interesting features of the present Mannich-type reactions is that 
high enantioselectivity can be obtained in spite of using a large excess of ZnF 2 

with respect to the chiral diamine. Thus, reduced amounts of diamine 4i in the 
reaction of 1 with 2a (3.0 equiv) using ZnF 2 (100 mol %) were investigated. It 
was found that 4i could be reduced to only 2 mol % without significant loss of 
the enantioselectivity (87% yield, 94% ee (20 h)). 
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The reaction systems were applied to diastereoselective reactions (Table 3). 
The silicon enolate 2b derived from propiophenone reacted with 1 to afford 3b 
in high yield with high diastereo- and enantioselectivities even in the absence of 
NaOTf (entries 1 and 2). On the other hand, the reaction of 1 with the (Z)-2c 
(2c-Z) using 4c afforded the corresponding adduct with high syn selectivity and 
good ee (entry 3). In this reaction, the addition of NaOTf was essential for 
attaining high yield (entry 4). More over, it was surprise to find that the anti 
adduct was obtained with good diastereoselectivity by the reaction with the (£)-
ketene silyl acetal (2c-E) under the same conditions as those of entry 3 (entry 5). 
The reactions using the (£)- and (Z)-silyl enol ethers derived from 3-pentanone 
(2d-E and 2d-Z) were also examined. When 2d-E was employed, the anti 
adduct was obtained selectively with high diastereo- and enantioselectivities 
(entry 6). In contrast, 2d-Z was found to afford good syn selectivity (entry 7). 
Good stereospecificity was observed in the reactions using both 2c and 2d. It is 
noted that such stereospecificities are rare in catalytic asymmetric Mannich-
type reactions (21), and that both syn- and a/tf/'-adducts can be easily prepared 
by simply changing the geometry of the silicon enolates. Furthermore, 2c and 
2d proved to afford the opposite results with regard to the relationships between 
the geometry of the enolates and the relative configurations of the products. 
This interesting phenomenon is supposed to be due to the different steric 
influences of the Et and S'Bu groups. 

One of problems in the present reactions is that more than 50 mol % of 
ZnF 2 is required to obtain high yields. The catalytic use of fluoride anion 
seemed to be most challenging due to the great strength of the silicon-fluorine 
bond (592 kJ mol"1) of Me 3 SiF, which was generated by the activation of the 
silicon enolate with the fluoride anion of ZnF 2 . However, the problem was 
overcome by using the highly active diamine 4i and 4c. It was exiting to find 
that, when 20 mol % of ZnF 2 was used in the reaction of 1 with 2a using 
diamine 4i, comparable yield and enantioselectivity with those using 100 mol % 
of ZnF 2 were obtained (Table 4, entry 2 vs 1). The use of la instead of 4i 
resulted in very low yield due to the rapid hydrolysis of 2a (entry 3). 
Furthermore, when NaOTf (1 mol %) was added in this reaction, the yield was 
still low despite the fact that large amounts of silicon enolate 2a remained after 
the reaction (entry 4). These results clearly indicate that the use of 4i permitted 
the catalytic turnover of the fluoride anion. In addition, it was found that 20 
mol % of ZnF 2 was sufficient to obtain high yield and stereoselectivity in the 
reaction with 2b using diamine 4c (entry 6). Therefore, diamines having ortho 
methoxy groups were effective not only for the acceleration of the reaction but 
also for the reduction of the ZnF 2 loading. It is noteworthy that the use of these 
diamines overcame the problems of the reaction using 4a. On the other hand, it 
was revealed that NaOTf suppressed the hydrolysis of silicon enolates in the 
case using diamine 4i as well as in the case using 4a, and that the reaction 
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Table 3. Substrate scope of the reactions in aqueous media 

ZnF 2(100 mol %) 

NHBz 0SiMe 3 ^c(10mol%) BzHN 
W R l J NaOTf (1 mol %) _ 7 H 9 

T H s H 2 orrHF = 1/9, o °c T X „ 
O R O R R 2 

1 2 (3.0 equiv) 3 

Entry Enolate r/me (h) Product Yield syn/anti 
(%) syn/anti) 

l OSiMe 3 16 3b 87 95/5 92a 

(2b, 1.5 
equiv) 

2 b 2b, 1.5 20 3b 89 91/9 94a 

equiv 
3 OSiMe 3 8 3c 80 97/3 87/27d 

(2c-Zc) 
4 b 2c-Zc 8 3c 32 97/3 86/24d 

5 OSiMe3 20 3c 22 27/73 65/85d 3c 

(2c-Ee) 
6 OSiMe 3 72 3d 98 13/87 88/91 

\ 
(2d-Ef) 

7 OSiMe 3 72 3d 65 77/23 86/81 3d 

(2d-ZB) 
3 Ee of syn adduct.b Without N a O T f . c E/Z= 3/97. d (2/?,3/?)/(2/?,35).e E/Z = 9S/2 f E/Z = 
76/24. 8 £ / Z = 1/99. 

proceeded smoothly with a reduced amount of a silicon enolate without 
significant decrease in the yield. In fact, when 1.5 equiv of 2a were employed, 
satisfactory results were obtained (entry 5). 

A catalytic cycle of this Mannich-type reaction is proposed as depicted in 
Scheme 2. This reaction is likely to proceed with double activation where Z n 2 + 

acts as a Lewis acid to activate 1 and at the same time, fluoride anion acts as a 
Lewis base to attack the silicon atom of the silicon enolate (working model B) 
(22-28). In other words, zinc amide C and Me 3 SiF are formed first, and 
subsequent hydrolysis of c affords the Mannich adduct and ZnF(OH)-diamine 
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Table 4. The amount of ZnF 2 

k l „NHBz ZnF, B z H N ^ 1 L J o N OSiMe 3 diamine 4 (10 mol %) NH 0 
1 II 

E , 0 Y ^ « * H 2 0/THF = 1/9 Ph 

0 2 0 °C, 20 h 0 R 

1 (3.0 equiv) (/?)-3a or 3b 

Entry Enolate ZnF2 Diamine syn/anti ee(%) 
(mol %) (%) 

1 2a 100 4i 94 - 96 
2 2a 20 4i 94 - 96 
3 2a 20 4a 13 - 87 
4 a 2a 20 4a 25 - 79 

5b,c 2a 20 4i 82 - 96 
6 2b 20 4c 95 94/6 94 d 

a NaOTf (1 mol %) was added. Time = 72 h . b Enolate: 1.5 equiv. c NaOTf (4 mol %) was 
added. d Ee of syn adduct. 

complex D. It is considered that a catalytic amount of the fluoride anion gives a 
high yield in this reaction probably because the catalytic turnover of the fluoride 
anion occurs. This apparently means that D reacts with Me 3 SiF, regenerating 
ZnF 2-diamine complex a for the next catalytic cycle (fluoride-catalyzed 
mechanism) (29-31). Water may facilitate the dissociation of the fluoride anion 
from Z n 2 + , thereby enhancing the catalytic activity of the chiral ZnF 2 complex. 

The structure of the chiral catalyst is interesting point in this unique 
catalysis. Although the crystals of ZnF 2-4c complex suitable for X R D analysis 
were not prepared due to the low solubility of ZnF 2 , a complex suitable for X -
ray analysis was obtained from ZnCl 2 and 4c (Figure 1). In this X-ray structure, 
the complex exhibits tetrahedral geometry, and the asymmetric information of 
the two asymmetric carbons on the ligand backbone is transferred to the two 
benzyl moieties on the nitrogen atoms upon coordination to the metal, which 
would play a key role for high stereoselectivity in catalysis. In addition, 
interactions between the MeO groups of 4c and Z n 2 + were not observed, a 
finding contrary to our initial expectation. Instead, the MeO groups proved to 
be located near the amino groups, suggesting hydrogen bonding between the 
MeO oxygen and the amino proton (N(1)...0(1) = 3.028 A; N(2)...0(2) = 3.141 
A). On the basis of this X-ray crystal structure and the results that 4a and 4c 
gave similar enantioselectivities in Table 2, it is implied that the MeO groups of 
the diamine do not coordinate to Z n 2 + even in the transition states in the 
asymmetric reactions. 

The origin of this acceleration in the reactions using the diamine 4c or 4i 
was assumed as follows: The intramolecular hydrogen bonding effect (vide 
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N 

N ' R OSiMe3 

B 0 2 C ^ H ^ P h RN""f n + F 

E t 0 2 C ^ F 7 i M e 3 
O F F 

A 

Me3SiOI-H 

n 
HO' > 

D 

B Ph 

[ Me3SiF )~ 

T 
Zn-F 

N O 

NNH O 

E t 0 2 C ^ - ^ P h 

Et0 2C ^ Ph 
C 

Scheme 2. Proposed Catalytic Cycle 

Figure 1. ORTEP drawing of [ZnClj-lcJ moiety in the X-ray crystal structure 
of [ZnCl2-4c*CH2Cl2] (Hydrogen atoms except NH and solvent of 

crystallization are omittedfor clarity) 
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supra) or the electron-donating effect of the MeO groups seems to increase the 
basicity of the amino nitrogen atoms which coordinate to Z n 2 + (32) Therefore, 
the use of these diamines could facilitate the dissociation of the fluoride anion 
from ZnF 2 , leading to the improved catalytic activity of chiral ZnF 2 complexes. 

While it was revealed that the Mannich-type reactions in aqueous THF gave 
high yields and high stereoselectivities in the presence of catalytic amounts of 
ZnF 2 and a chiral diamine, it is more desirable to use only water as a solvent. It 
was surprising to find that the reaction of 1 with 2a in only water, direct use of 
the catalytic system which was most effective in H 2 0 / T H F (1/9), gave 
satisfactory results. Indeed, when ZnF 2 (100 mol %)-4i (10 mol %) was 
employed, Mannich adduct 3a was obtained in 91% yield with 95% ee (Table 5, 
entry 1). However, the reactions with 2b were found to proceed sluggishly in 
spite of the fact that a large amount of 2b remained after the reaction (entries 2 
and 3). To accelerate the reaction, addition of surfactants was then investigated 
(33-37). While sodium dodecyl sulfate (SDS) or Triton X-405 was not effective 
(entries 4 and 5), it was remarkable that cetyltrimethylammonium bromide 
(CTAB) gave an excellent yield, and that it also improved the enantiomeric 
excess slightly (entry 6). It is noteworthy that a cationic surfactant is effective 
in this reaction (38,39), while an anionic surfactant has been reported to work 
well in Lewis acid-catalyzed aldol reactions (40-42). Moreover, it was found 
that 2 mol % of C T A B was sufficient for giving high yield and 
enantioselectivity (entry 7). 

Table 5. Asymmetric Mannich-type reaction in pure water 

ZnF2(100 mol%) 
M - N H B Z 4c (10 mol %) B z H N ^ , u n 

^ O . A H + R ^ £ additive (x mol o / o ) B Q 

- Ph n T P h 

6 2 H 2 ° ' ° ° C O R 
1 (3.0 equiv) 3 

Entry Si enolate Additive Time Yield syn/anti ee(%, 
(mol %) (%) syn) 

1 2a _ 20 91 95 
2 2b _ 20 6 91 9 94 
3 2b NaOTf (1) 20 8 87/13 92 
4 2b SDS (5) 20 9 91/9 78 
5 2b Triton® X -

405 (5) 
20 10 91/9 93 

6 2b C T A B (5) 20 94 94/6 97 
7 2b C T A B (2) 20 93 94/6 96 
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Finally, the amount of ZnF 2 could be reduced to 10 mol % in the reactions 
with several silyl enol ethers derived from ot-monosubstituted carbonyl 
compounds, although unsatisfactory results were obtained in the case of 2a. The 
reaction with 2b proceeded to give the desired adduct 3b in high yield with high 
stereoselectivity even when the amount of 4c was reduced to 5 mol % (Table 6, 
entry 1). However, further decrease in the ZnF 2 loading resulted in moderate 
yield (entry 2). When the silyl enol ethers derived from 4'-
methoxypropiophenone and butyrophenone were employed, high yields and 
high diastereo- and enantioselectivities were obtained (entries 3 and 4). 
Furthermore, stereospecific, enantio- and diastereoselective reactions were 
achieved in only water by using only 10 mol % of ZnF 2 and 4c. In fact, the 
reactions with 2d-E and 2d-Z proceeded to afford anti- and ^-adducts in good 
yields with high diastereo- and enantioselectivities, respectively, although longer 
reaction time was required (entries 5 and 6). It is noted that the products 
obtained in the present Mannich-type reactions were often highly crystalline, 
and one recrystallization afforded the diastereomerically and enantiomerically 
almost pure materials (entries 1, 3, 4 and 6). 

As described above, diastereo- and enantioselective Mannich-type reactions 
of a-hydrazono ester 1 with silicon enolates for the synthesis of amino acid 
derivatives in aqueous media have been achieved with a ZnF 2-chiral diamine 

Table 6. Substrate scope of the reactions using water as a solvent 

ZnF 2 (10mol%) 

O R O R 1 R 2 

1 2 (3.0 equiv) 3 

Entry Enolate 4c 
(mol %) 

Time 
(h) 

Product Yield 
(%) 

syn/anti 
ee 

(%r 
1 2b 5 40 3a 87 93/7 96 

2 b 2b 5 40 3a 60 93/7 96 
3C OSiMe 3 

^ ^ P M P 2ed 

10 40 3e 76 96/4 96 

4C OSiMe 3 

E t ^ P h 2 f 
10 40 3f 74 96/4 96 

5 2d 10 155 3d 75 13/87 92 
6 2d 10 144 3d 63 90/10 98 

Ee of major diastereomer.b ZnF2: 5 mol %. 0 EIZ= <2/>98.d PMP = p-methoxyphenyl. 
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complex. This reaction seems to proceed with double activation where Z n 2 + acts 
as a Lewis acid to activate 1 and fluoride anion acts as a Lewis base to activate 
silicon enolates. The effect of the diamines having the MeO groups on their 
aromatic rings is noteworthy, and the advantageous points of using these 
diamines are as follows: (i) The reactions in aqueous THF were remarkably 
accelerated, (ii) The reaction with silicon enolate 2a or 2b proceeded in high 
yield even in the absence of TfOH or NaOTf, which was needed in the reactions 
using 4a. (iii) The ZnF 2 loading could be reduced to 10-20 mol % without loss 
of yield and enantioselectivity, whereas more than 50 mol % of ZnF 2 was 
required in the reactions using 4a. (iv) The reactions in water without any 
organic cosolvents proceeded smoothly to give high yields and high 
stereoselectivities. It is also noted that, in contrast to most asymmetric 
Mannich-type reactions, either syn- or a/tf/'-adducts were stereospecifically 
obtained from (£)- or (Z)-silicon enolates in the present reaction. These studies 
will provide a useful guide to the development of catalytic asymmetric carbon-
carbon bond-forming reactions in water. 

2. Chiral calcium-catalyzed asymmetric 1,4-addition and [3+2] 
cycloaddition reactions of a-aminoester Schiff bases. 

Calcium, strontium, and barium belong to group 2 elements, alkaline earth 
metals, and are recognized as one of the most abundant elements in the natural 
world, for example in the sea or in the earth's crust (43). While they are familiar 
to our life, their application to organic synthesis has been limited. Characteristic 
points of the elements are, (i) lower electron negativity, (ii) stable oxidation state 
is 2, that means two bondings with anions are possible, (iii) many numbers of 
coordination sites. Among them, the first point, lower electron negativity, is an 
interesting nature from a view point of synthetic chemistry, because it usually 
leads to stronger Bronsted basicity of their counter anions. The elements are 
also less harmful compared to other heavy metals and much attractive in 
development of environmentally benign process. Based on these characteristic 
points, alkaline earth metals have quite recently been used for development of 
efficient asymmetric synthesis. 

As a ligand design, the chiral bisoxazoline skeleton was selected as a model 
of a chiral ligand. Bisoxazoline derivatives are one of the most efficient and 
often employed chiral ligands in asymmetric catalysis (44). When the 
methylene-tethered bisoxazoline ligand (ex. 5a-5e) is used, the alkaline earth 
metal base could deprotonate the methylene moiety of the ligand to form a rigid 
chiral complex in which two nitrogen atoms coordinate to the center metal in a 
bidentate fashion (Scheme 3). 
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Catalytic asymmetric carbon-carbon bond forming reactions using glycine 
ester derivatives are getting much attention to provide efficient synthetic routes 
to optically pure a-amino acid derivatives (45-47). From the first report on 
asymmetric alkylation using a chiral phase-transfer catalyst by O'Donnell et al 
in 1978 (48), many highly stereoselective reactions have been developed. 
Among them, asymmetric Michael-type 1,4-addition of Schiff bases of glycine 
esters to a,(3-unsaturated carbonyl compounds provides an efficient route to 
optically active glutamic acid derivatives. Although some successful examples 
have been reported in this reaction, excess amounts of bases or substrates are 
required to realize high conversions in most cases (49-59). However, 
conceptually a catalytic amount of a Bronsted base should work effectively in 
this reaction. It was envisioned that the alkaline earth metals were suitable for 
this reaction, and asymmetric 1,4-addition reactions of glycine derivatives to 
a,(3-unsaturated carbonyl compounds using a chiral alkaline earth metal catalyst 
have been investigated. (60,61). 

0 
( Y ¥ > < > 

/ ©V k R' ® ¥ k 
OR OR 

5c: R1 = fBu, R2 = H 
5d: R1 = Ph, R2 = H 
5e: R1 = Ph, R2 = CN 

Scheme 3. Alkaline earth metal complexes prepared from bisoxazolidine 
ligands 

First, the 1,4-addition of N-diphenylmethylideneglycine tert-bu\y\ ester (7a) 
to methyl acrylate (6a) in THF using chiral alkaline earth metal alkoxides was 
examined. The reaction proceeded in moderate to good yields in the presence of 
the catalysts prepared from alkaline earth metal alkoxides and bisoxazoline 

y~N N^y 

R* R' 
+ — 

M(OR)2 

M: Alkaline earth metal 
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(Box) ligand 5a, and a good enantioselectivity was observed in the reaction 
using calcium isopropoxide (Table 7, entry 2). While strontium and barium 
alkoxides showed higher reactivities, enantioselectivities were insufficient 
(entries 3 and 4). Those results indicated that the metal with smaller ionic radius, 
calcium, gave better chiral environments. Next, other Box ligands were 
investigated. The box ligand 5b synthesized from 2-amino-l-indanol showed a 
little lower selectivity. Among the Box ligands tested, ligand 5d gave the best 
result (82% ee). Furthermore, several typical solvents (Et 2 0, T B M E , Toluene, 
CH 2 C1 2 , D M E , C H 3 C N ) were tested, but THF gave the best results. Also effect 
of molecular sieves was examined, and it was found that the presence of 
molecular sieves was necessary for the reaction proceeding, and MS 4A showed 
the best selectivity compared to other molecular sieves (3A, 5A, 13X). After 
tuning of some reaction parameters, finally high yield and high 
enantioselectivity (94% ee) were obtained (entry 9). 

Table 7. Asymmetric 1,4-addition reaction of 7a with 6a using chiral 
alkaline earth metal complexes 

Ligand 
Q (10mol%) 

p h -45 °C to 0 °C, 
6 a 7a THF, 0.2 M, 

24 h OMe 

Entry Metal Ligand Additive Yield (%) Ee(%) 
1 Mg(OEt) 2 5a MS 5A No Reaction -
2 Ca(0'Pr) 2 Sa MS 5A 39 73" 
3 Sr(0'Pr) 2 5a M S 5 A 76 29 a 

4 Ba(0'Bu) 2 5a M S 5A 79 17a 

5 Ca(0'Pr) 2 5b MS 5A 24 71 
6 Ca(0'Pr) 2 5c MS 5A 19 6 a 

7 Ca(0'Pr) 2 5d M S 5 A 54 82 
8 Ca(0'Pr) 2 5e M S 5 A 31 44 

9 T ~ Ca(0'Pr) 2 5d M S 4 A 88 94 
3 (S)-enantiomer was obtained. b The reaction was performed at -30 °C for 12 h using 7a 
(1.2 equiv). The catalyst was prepared in optimized preparation method. 

Substrate scope of this asymmetric 1,4-addition reaction is shown in Table 
8. The effect of the ester parts of the Schiff bases was examined in the reaction 
with methyl acrylate. While the methyl ester showed higher reactivity, 
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enantioselectivity was lower than the reaction using the terf-butyl ester (entries 1 
and 2). The ester part of acrylate was also examined. Ethyl acrylate and tert-
butyl acrylate reacted with the Schiff base to afford the desired products in 
moderate to good yields with high selectivities (entries 3 and 4). The 
acrylamide with methoxy group on the N atom (Weinreb amide) also reacted 
with good enantioselectivity (entry 5). Next, the effect of substituents at the 2-
position of the acrylates was investigated (62). The reaction of 2-methylacrylate 
with the glycine ester proceeded smoothly to afford two diastereomers in high 
yield with moderate diastereo- and excellent enantioselectivities (entry 6). 2-
Ethylacrylate reacted smoothly, but lower enantioselectivity was observed (entry 
7). It was found that the size of the substituents at the 2-position of acrylates 
affected the diastereoselectivity, and that the substrates with larger groups, 2-
chloro- and 2-phenylacrylate, showed higher diastereoselectivitis (entries 8 and 
9). 2-Methylacrylamide with N-methoxy group reacted with the glycine Schiff 
base 7a to afford the 1,4-addition product in high yield with high diastero- and 
enantioselectivity (entry 10). In general, it was revealed that asymmetric 1,4-
addition of glycine esters to acrylate derivatives proceeded well with high 
enantioselectivities. 

Table 8. Substrate scope of the 1,4-addition reactions 

R 1 

EWG Ph 
O 

Y 
Ph 
7 (1.2 equiv) 

O R 2 

Ligand 5d 
(10mol%) 
Ca(0'Pr)2 

(10mol%) 
-30 °C, THF, 
0.2 M, 12 h 

MS 4A 

Ph 

Ph L ^ E W G 

Entry R1 EWG R' Product Yield 2,4- Ee(%) 
(%) syn/anti 

1 H C 0 2 M e 'Bu 8aa 88 94 
2 H C 0 2 M e Me 8ac quant 83 

3a,c H C0 2 Et 'Bu 8ba 56 95 
4a,c H C 0 2 ' B u 'Bu 8ca 74 92 
5" H CONMeOMe 'Bu 8da 46 87 
6h Me C 0 2 M e 'Bu 8ea 93 61/39 99dl9Ae 

7 Et C 0 2 M e 'Bu 8fa quant 63/37 S6d/9 V 
8° CI C 0 2 M e 'Bu 8ga 95 83/17 81" 
9° Ph C 0 2 M e 'Bu 8ha quant 91/9 84d 

10" c Me CONMeOMe 'Bu 8ia 83 91/9 85rf 

a 24 h . h 7a (1.5 equiv) was used. c 6 (1.5 equiv) was used. J Value represents ee of the 
major product. e Value represents ee of the minor product. 

  
 



143 

Next, the asymmetric 1,4-addition reactions of crotonates using the chiral 
calcium catalyst were examined. Successful diastereo- and enantioselective 1,4-
addition of glycine enolates to crotonates has not been reported yet (63-72). 
When the glycine /erf-butyl ester 7a was treated with methyl crotonate under the 
optimized reaction conditions, the reaction proceeded and the starting material 
was consumed rapidly; however, the obtained product was not the desired 1,4-
addition product 8ka but a substituted pyrrolidine derivative 9ka as a single 
diastereomer unexpectedly. The structure was unambiguously determined by X -
ray crystallographic analysis. Moreover, the enantioselectivity of the product 
was extremely high. The structure of the product indicated that [3+2] 
cycloaddition proceeded with high diastereo- and enantioselections (Scheme 4). 
This result was very remarkable for us, because only one small structural 
difference, hydrogen or methyl, on the terminal position of the acrylate 
determined the reaction course decisively. This interesting finding prompted to 
investigate catalytic asymmetric [3+2] cycloaddition of glycine esters using the 
chiral calcium catalyst further (73-91). 

O 

OMe 
6k 

P h
Y

N ^ 0 ' B u 
Ph 

7a 

Ligand4(10mol%) 
Ca(O'Pr)(10mol%), 

-30 °C, THF, 0.2 M, 
12h,MS4A 

Ph 

X 
Y N v y o'Bu 

8ka 

9ka 

O'Bu 
quant 

major/minor = >98/2 
99% ee (major) 

Scheme 4. Unexpected highly stereoselective [3+2] cycloaddition reaction 

At the outset, the ester part of crotonates was examined. It was found that 
substrates with larger ester parts also reacted to afford the products, but that 
yields and selectivities decreased (Table 9, entries 1-3). Notably, the chiral 
calcium catalyst worked well in only 0.1 mol% catalyst loading (entry 1). Other 
P-substituted acrylates reacted in high enantioselectivities (entries 4-6). Not 
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only crotonates and their derivatives but also acrylamides afforded [3+2] 
cycloadducts 9 in good yields with very high enantioselectivities (entries 7-9). 
Substrates with bulkier amide-substituents showed slightly lower selectivities. It 
is noted that single diastereoisomers were obtained in all cases, and that this is a 
rare example of highly stereoselective [3+2] cycloaddition of N-
diphenylmethylene-protected glycine derivatives (92). 

Table 9. Asymmetric [3+2] cycloaddition of 7a to crotonates and acrylamides 

Ligand 5 
(10mol%) o 

0 O Ca(0'Pr)2 RU( R2 

0 Phk X , (10moi%) I—( 

Ph - 3 0 ° C , T H F , P h > V ' " f 
0.2 M, time H O'Bu 

Entry R1 R2 Ligand 
Time 
(h) 

Product Yield 
(%) 

Ee 
(%) 

1 OMe Me 5d 3 9 ma quant >99 
(quant)3 (93)a 

2 OEt Me 5d 3 9na 98 98 
3 O'Bu Me 5d 3 9oa 77 87 
4 OMe Et 5b 24 9pa quant 95 
5 OMe 'Bu 5b 24 9qa quant 99 
6 OMe Heptyl 5b 48 9ra 97 >99 
7 N M e 2 H 5d 12 9sa 83 95 

8 o H 5d 24 9ta 76 98 

9 o H 5d 24 9ua 84 97 

10 N C y 2 H 5d 24 9va 93 91 
a 0.1 mol% catalyst. The reaction was carried out at 20 °C for 72 h. Ligand 5b was used. 
1,4-adduct was observed in the isolated product (3%). 

Catalytic asymmetric [3+2] cycloaddition reactions of Schiff bases 7, 
derived from aldehydes, were also examined (Table 10). In this reaction, ligand 
5d as well as ligands 5a and 5b worked well under the optimized reaction 
conditions. Halogen-substituted aromatic imines reacted smoothly to afford the 
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cycloadducts in good selectivites (entries 2, 3). In addition, the effect of 
substitution positions was examined, and among tolyl substrates, the meta-
substituted one gave the highest enantioselectivities (entries 4-6). Bulkier 
imines showed higher selectivities, and the enantiomeric excess reached to 94% 
when the imine prepared from the 3,5-xylene derivative was used (entry 7). An 
electron rich imine also gave good enantioselectivity using ligand 5d (entry 9), 
while 2-furaldehyde imine also gave high ee using ligand 5a (entry 10). It 
should be noted that these reactions are the first successful examples of the 
asymmetric [3+2] cycloaddition of crotonates (93). 

Table 10. Asymmetric [3+2| cycloaddition of various glycines 

Ca(0'Pr)2 

(10mol%) 
Ligand 5 0 

0 (10mol%) tBuoA / 

Rm H Temp., THF, H o<Bu 
6 m 7 (1.2 equiv) 0.2 M, Time £ ° B u 

Entry R Ligand Conditions 10 
Yield 
(%) 

ee 
(%) 

l a Ph 5d 1 0 ° C , 3 h lOme 86 86 
2 P-C1C 6 H 4 5b -20 °C, 8 h lOmf 92 82 
3 /?-BrC 6 H 4 5d 1 0 ° C , 3 h 10mg 95 86 
4 /?-MeC 6 H 4 5a -30 °C, 12 h lOmh 92 87b 

5 w - M e C 6 H 4 5b -20 °C, 12 h lOmi quant 91 
6 o-MeC 6 H 4 5d 1 0 ° C , 3 h lOmj 86 78 
7 3,5-(Me) 2C 6H 3 5d 10°C,12h lOmk quant 94 
8 2-naphtyl 5d 1 0 ° C , 3 h 10ml 97 92 
9 p - M e O C 6 H 4 5d 10 °C, 12 h 10mm 76 86 
10 2-furyl 5a -30 °C, 12 h lOmn 97 90 b 

"1.1 equivalent of glycine ester were used. b The absolute configuration of the product 
was reversed. 

The fact that the aldehyde-derived imines reacted with tert-b\x\y\ crotonate 
(6m) in [3+2] cycloaddition manner in high yields with perfect 
diastereoselectivities and high enantioselectivities encouraged to investigate the 
synthesis of pyrrolidine derivatives with chiral quaternary carbon centers. 
Based on a working model, a calcium enolate formed in the reaction of the 
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glycine ester with calcium isopropoxide, where the nitrogen atom of the enolate 
could coordinate to the calcium atom in a bidentate fashion. Therefore, it was 
assumed that the substituent at the a-position of the enolate did not affect the 
asymmetric environments significantly. In addition, since the bulkiness of the 
imine part improved the enantioselectivity in the previous investigation, it was 
envisioned that introduction of appropriate bulkiness at the a-position of the 
enolate might improve the enantioselectivity. 

First, the reactions of alanine derivatives with ot,P-unsaturated carbonyl 
compounds was investigated. The benzilidene protected alanine methyl ester 
reacted with methyl acrylate to afford the desired [3+2] adduct 12aa in good 
enantioselectivity (Table 11, entry 1). In this reaction, bulkier ester parts also 
gave better effects, and the highest enantioselectivity was obtained using tert-
butyl acrylate (entry 2). Contrastively, the selectivity did not depend on the 
structure of the alanine ester part (entries 2—4). The amino acid esters with 
simple alkyl substituents on their a-positions were also investigated (entries 5-
9). 2-Ethylglycine, phenylalanine, norleucine, and leucine derivatives also gave 
good to high selectivities, although the valine derivative did not work well 
presumably due to a steric factor (entry 9). The reactions of the amino acid 
derivatives with ot-substituents containing heteroatoms was also investigated. 
Methionine and O-tert-butyl serine derivatives also worked well, and good to 
high enantioselectivities were obtained (entries 10, 11). In all cases, single 
diastereomers were obtained exclusively. It is noted that this method is superior 
to other previous chiral pyrolidine synthesis via asymmetric [3+2] cycloaddition 
in terms of yields and diastereo- and enantioselectivities, and that chiral 
quaternary carbon centers have been constructed efficiently. 

As a more challenging trial, asymmetric synthesis of pyrolidine derivatives 
containing contiguous chiral tertially and quaternary carbon centers was further 
investigated. This kind of complex molecule is usually difficult to be 
synthesized especially in an enantiomerically pure form, since steric bulkiness 
around the reaction site of substrates often prevents strict enantioselection. 
Firstly, the reaction of an alanine derivative with crotonates was examined. 
Remarkably, the desired reaction proceeded smoothly to afford the desired 
pyrrolidine derivatives as single diastereomers in good yields with excellent 
enantioselectivity (Table 12, entries 1, 2). Longer-chain a,P-unsaturated esters, 
methyl 2-pentenoate and methyl 2-heptenoate, also reacted with the alanine 
derivative, and excellent enantioselectivities were obtained (entries 3, 4). Next, 
the reactions of a-substituted a-amino acid esters were studied. In the reaction 
of 2-ethylglycine derivative l i d , moderate yield with high enantioslectivity was 
observed (entry 5). On the other hand, the reactions of the amino ester with 
larger substituents proceeded slowly, and high enantioselectivities were also 
obtained (entries 6, 7). Interestingly, the amino ester derived from a bulky 
serine derivative reacted with a,P-unsaturated esters to afford the desired 
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Table 11. Asymmetric [3+2] cycloaddition of Schiff bases derived from 
a-amino acids 

0 

6 (1.2 equiv) 

0 

H R 3 

11 

•<~>R2 

Ligand 5 
(10mol%) 
Ca(0'Pr) 2 

(10mol%) 

O 
R ' O - 7 / O 

A 
0 

6 (1.2 equiv) 

0 

H R 3 

11 
Temp., THF, 

0.2M, 3 h 
MS4A 

PIT v 
H 
12 

l i , O R 2 

R 3 

Entry R' R2 R3 5 Temp. 12 
Yield 
(%) 

ee 
(%) 

1 Me Me Me 5(1 10 °C 12aa 95 70 
2° 'Bu Me Me 5d 10 °C 12ba quant 90 
3 'Bu Et Me 5d 10 °C 12bb quant 91 
4 'Bu Bn Me 5d 10 °C 12bc 93 90 
5" 'Bu Me Et 5b -30 °C 12bd 82 96 
6" 'Bu 'Bu Bn 5b -30 °C 12be 90 92 
T 'Bu Me "Bu 5b -20 °C 12bf 94 94 
8" 'Bu Me 'Bu 5b -30 °C 12bg 98 87 
9 'Bu Me 'Pr 5d 10 °C 12bh 32 59 

10" 'Bu Me (CH 2 ) 2 SMe 5b -20 °C 12bi 81 81 
ua,b 'Bu 'Bu C H 2 0 ' B u 5b -20 °C 12b.j 80 93 

a 12 h , b L-Amino acid was used. 

products in good yields with excellent enantioselectivities (entries 8, 9). These 
results clearly showed that the chiral calcium catalyst could construct highly 
sterically hindered and complicated carbon centers directly with high 
stereoselectivities. This is one of quite remarkable features of this chiral 
calcium catalyst compared to other chiral catalyst systems reported previously in 
asymmetric [3+2] cycloaddition. 

While the reaction with crotonates afforded [3+2] cycloaddition adducts as 
a sole product in all cases as mentioned before, asymmetric 1,4-addition of 
glycine derivatives to crotonates is also an important method to synthesize 
branched a-amino acid derivatives, however successful examples are very 
limited. One key against this issue is modification of the imine part of the 
glycine Schiff base. The imine part of the glycine unit could affect the reaction 
course in the [3+2] cycloaddition reactions. To realize 1,4-addition, the reaction 
of a ketimine derived from glycine /-butyl ester with methyl crotonate was 
investigated. The reaction of a glycine derivative with more bulkier substituents 
at the imine part, which could prevent the cyclization step to afford the 1,4-
addition product, was conducted. The glycine derivative 7s with terf-butyl 
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Table 12. Asymmetric synthesis of contiguous tertiary and quaternary 
carbon centers 

Ligand 5b 
(10mol%) o 

O O Ca(OPr) 2 #QJ/ R 2 
X a. Ph N X (10mol%) —( O 

• M O - , H t T e - p . T H F , P h X A S 
6 (1.2 equiv) n " 0.2M, Time. w r 4 

11 1 1 

OR 3 

MS4A 12 

Entry R2 R3 R4 Conditions 12 Yield 
(%) 

ee 
(%) 

l Me Me Me Me 0°C, 12 h 12ka 79 96 
2 Et Me Me Me 10 °C, 24 h 121a 55 93 
3 Me Et Me Me 0°C, 12 h 12na 64 96 
4 a Me "Bu Me Me 0°C, 18 h 12wa 81 98 
5 Me Me Me Et -20 °C, 24 h 12kd 41 89 
6° Me Me Me "Bu -30 °C, 72 h 12kf 50 93 
7° Me Me 'Bu Bn -30 °C, 72 h 12ke 98 85 
8* Me Me 'Bu C H 2 0 ' B u 10 °C, 24 h 12kj 80 97 

9̂  Me 'Bu 'Bu C H 2 0 ' B u 0 °C, 24 h 12oj 87 95 
a Catalyst (20 mol%) was used. * L-Amino acid derivative was used. 

phenyl methylidene (94-98) as a protecting group was reacted with methyl 
crotonate. Expectedly, the 1,4-addition products were obtained exclusively as a 
single diastereomer with high enantioselectivity by using calcium-5b catalyst 
(Table 13, entry 1). 

By using this glycine derivative 7s, the reactions with a couple of crotonate 
derivatives proceeded in a 1,4-addition manner. As shown in Table 13, not only 
crotonates, but also 2-pentenoate, 2-heptenoate and 5-methyl-2-hexenoate 
reacted with the glycine derivative in a 1,4-addition manner with good to high 
enantioselectivities (entries 3 - 6 ) . A crotonate derivative substituted by 
benzyloxy group at the terminal methyl moiety also gave high selectivity (entry 
7). In the case of a crotonamide with 7V-methoxy group, high yield and high 
selectivity were also obtained (entries 9 and 10). It should be noted that this is 
the first example of catalytic highly stereoselective 1,4-addition of a glycine 
enolate to crotonates. 

A possible mechanism of the calcium-catalyzed asymmetric 1,4-addition is 
shown in Scheme 5. The chiral calcium complex deprotonated the a-position of 
the glycine derivative 7 to form chiral calcium enolate F, in which the imine 
nitrogen also coordinated to the calcium atom. The enolate then reacted with an 
a,|3-unsaturated carbonyl compound 6 with high enantioselection to form the 
1,4-addition product initially as a calcium enolate G. Further, the enolate G was 
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Table 13. Asymmetric 1,4-addition reactions with P-substituted 
ot,(3-unsaturated carbonyl compounds 

Ligand 5b 

(10mol%) O 
O Ca(0'"Pr)2 P h ^ N 

\\ Ph N X (10mol%) T 

R 1 ^ ^ R 2 T U b u _ 2 0 ° C , T H F , R 
6 7s 0.2 M, 12 h 20 

MS 4A 

Entry R2 20 Dr Yield (%) Ee(%) 
1 Me OMe 20ms >99/l 97 (93)" 99 (99)a 

2 Me OEt 20ns >99/l 95 93 
3 Et OMe 20ps >99/l 96 96 
4 Et OEt 20xs >99/l 97 94 
5* "Bu OMe 20ys >99/l 73 91 
6C 'Bu OMe 20qs >99/l 56 82 
7 BnOCH 2 OEt 20zs 82/18 82 96 
8 Me NMeOMe 20as >99/l 94 98 
9' Et NMeOMe 20bs >99/l 92 96 
10c 'Bu NMeOMe 20gs >99/l 89 95 

a 2 mol%, b -20 °C, 48 h , c 24 h. 

Scheme 5. Proposed catalytic cycle of the 1,4-addition reaction 
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protonated with glycine derivative 7 to afford the product 8 along with 
regenaration of the reactive calcium enolate F (Pathway 1). Alternatively, the 
free alcohol ( ;PrOH) quenched G to give 8 and the active calcium complex E 
(Pathway 2). 

On the other hand, two reaction mechanisms are possible for the [3+2] 
cycloaddition reaction. One is a concerted pathway and the other is a stepwise 
pathway. Based on our success of the 1,4-addition reaction with crotonates 
using the Schiff base bearing the bulky substituent, we are now assuming the 
reaction proceeds in a stepwise pathway. The proposed catalytic cycle was 
shown in Scheme 6. Intramolecular cyclization of the calcium enolate G 
occurred to afford calcium amide intermediate H, which was protonated with the 
glycine derivative 7 or 'PrOH to regenerate the active calcium catalyst E. 

As shown above, catalytic asymmetric 1,4-addition reactions of glycine 
derivatives using chiral alkaline earth metal complexes as catalysts have been 
developed. It was found that chiral calcium-Box 5 complexes were effective for 
the reaction, and high yields and high enantioselectivities have been achieved. 
Compared to previously reported reaction systems, this catalyst system is simple 
because only a catalytic amount of a Bronsted base is employed. Furthermore, 
in the reactions of crotonates, [3+2] cycloaddition reactions proceeded by using 

Scheme 6. Proposed catalytic cycle of the [3+2] cycloaddition reaction 

the same reaction system to afford the chiral pyrrolidines in high yields with 
high diastereo- and enantioselectivities. It is remarkable that small difference of 
the substrate structure affected the reaction course and changed the product 
structure dramatically. Not only aldehyde-protected glycine derivatives, but 
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also ketoimine-protected glycine derivatives reacted with active olefins to afford 
the substituted pyrrolidines. Moreover, the first successful asymmetric [3+2] 
cycloaddition and 1,4-addition reactions of crotonates have been realized by 
modifying the protecting groups of the amine parts. Remarkably, the calcium 
catalyst could construct contiguous chiral tertially and quaternary carbon centers 
with high stereoselectivities in the [3+2] cycloaddition reactions of a-substituted 
a-amino acid derivatives and 3-substituted acrylates. It is noted that the current 
chiral calcium catalyst expanded possibilities of the asymmetric 1,4-addition and 
[3+2] cycloaddition reactions of a-amino acid derivatives. The reaction 
mechanisms were also investigated, and a stepwise mechanism, 1,4-addition and 
successive intramolecular cyclization, was proposed in the [3+2] cycloaddition. 

Conclusion 

We have described recent examples of environmentally benign processes in 
asymmetric synthesis of chiral a-amino acid derivatives. Both concepts, 
asymmetric reactions using water as a solvent and using less harmful and 
ubiquitous metals as catalysts, are very important in design of new green 
chemical processes. Chemical synthesis is now an indispensable methodology 
for human welfare to provide essentially fine chemical products such as drugs, 
materials, etc. However, recent problems in earth environment are also critical 
and unavoidable all over the world, therefore successive efforts for improvement 
of chemical process is necessary for further evolution of our technology to 
improve human life. We hope our research contribute to development of 
environmentally benign chemical processes. 
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Transition Metal Catalyzed Reactions 
toward the Synthesis of Amino Acids and Peptides 
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Chelated enolates are excellent nucleophiles for palladium– 
catalyzed allylic alkylations, which provide γ,δ-unsaturated 
amino acids in highly stereoselective fashion. The reaction 
proceeds easily at -78 °C which allows to suppress π-σ-π– 
isomerization of the corresponding π-allyl complexes. This 
opens up completely new reaction pathways. For example, 
either the olefin geometry from the allylic substrate can be 
transferred to the amino acid, or, based on the different 
reactivities of the two allylic positions, regioselective C-C– 
couplings become possible. In general, an excellent transfer of 
chirality is observed, even for terminal π-allyl complexes 
which react under substrate control. This approach can nicely 
be tranferred to peptides, what allows highly stereoselective 
peptide modification. By using stannylated allylic carbonates, 
the metallated amino acids and peptides can be further 
modified via Stille couplings, which allows the generation of 
chemical libraries. 
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Introduction 

7 r - A l l y l palladium complexes play an important role in modern organic 
synthesis (/) . With respect to the different synthetic applications the al lyl ic 
alkylation is probably the most popular one (2). Herein, a 7t-allyl complex is 
attacked by a nucleophile such as an amine or a stabilized carbanion (in general 
malonate). In contrast to the symmetrical malonates, reactions o f (J-keto esters, 
as well as all other unsymmetric nucleophiles, are more critical. Their reactions 
generate a stereogenic center which is configurationally labile ( i f ot-CH is 
present), giving a mixture of stereoisomers. Even i f the allylation proceeds in a 
highly stereoselective fashion, subsequent epimerization o f the newly generated 
and configurationally unstable stereogenic center wastes all efforts. This problem 
can be circumvented by using alkylated nucleophiles, such as chiral pyrazinones 
(3) or substituted azlactones, such as 1. In the presence o f chiral ligand L-1 the 
substitution product 2 was obtained in excellent yield and selectivity. A wide 
range o f substrates and azlactones were investigated by Trost et al. and the 
products were converted to several ct-alkylated amino acids (4). Besides al lyl ic 
acetates and carbonates also gem diacetates can be used for this purpose, as 
illustrated in a nice synthesis o f sphingofungin F based on this approach (5). 

a-alkyl-
amino acids 

Scheme I. Allylic alkylation of azlactones according to Trost et al. 

How we Stumbled into Palladium-Chemistry 

Our group is investigating chelated enolates o f amino acid esters (such as A ) 
as substrates for the synthesis o f unnatural amino acids for some time (6). 
Chelation causes a marked enhancement o f thermal stability without having any 
negative influence on the reactivity o f these enolates. Due to the fixed enolate 
geometry, their conversions often proceed with a high degree o f 
stereoselectivity. Excellent results are obtained in typical enolate reactions, such 
as aldol reactions (7) or Michae l additions (8). But besides that, we are 
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especially interested in reactions, which cannot be carried out with non-chelated 
enolates. Thus, chelated enolates o f al lyl esters 3 ( A ) undergo Claisen 
rearrangement when being warmed up to room temperature providing syn-
configured y,5-unsaturated amino acids 4 (Scheme 2) (9). If ester o f chiral a l lyl 
alcohols are used, the chiral information can nicely be transferred to the new 
formed stereogenic centres (JO). A n alternative is the use o f quinine (or 
quinidine) as a chiral ligand, coordinating to the chelating metal. Ee 's up to 87 
could be obtained, depending on the substitution pattern and the chelating metal 
salt used (77). Because the ^/-protected amino acids is formed via rearrange
ment, the next amino acid (or a peptide chain) can be coupled, al lowing the 
direct incorporation o f the new, unusual amino acid into a peptide. 

peptides 

3 A 4 P G : protecting group 

Scheme 2. Chelate Claisen-rearrangement of glycine allyl esters 3 

With respect that the new amino acid later on should be incorporated into 
peptide, e.g. during a natural product or drug synthesis, it seems highly attractive 
to carry out the Claisen rearrangement directly with a peptide. In general, 
peptides contain other chiral amino acids, and i f one is able to use this chiral 
information o f the peptide chain to control the stereochemical outcome o f the 
Claisen rearrangement, this would be an extremely straightforward approach 
towards stereoselective peptide modifications (72). 

Therefore, we investigated the rearrangement o f several different protected 
dipeptides. A t the beginning we used Boc - and Cbz-protected methallylesters 
such as 5 as substrates and obtained only moderate yields o f the rearrangement 
product (Scheme 3) (13). Nowadays we know that the methallylester was not the 
best choice, but at the early days we tried to find suitable catalysts to increase the 
yield. Based on the work of Overman et al (14), we investigated the influence o f 
H g 2 + and P d 2 + salts on the outcome o f the reaction, although with no significant 
success. Because P d 2 + is known to form relatively stable peptide complexes (75), 
which might result in a deactivation o f the catalyst, we also investigated the 
influence o f Pd° on the reaction. A n d indeed, the "rearrangement product" 6 was 
obtained in high yield, albeit without some diastereoselectivity (50% ds). 

The drop in selectivity, which was more dramatic with other chelating metal 
salts, was surprising and rose the question concerning the mechanism o f the 
rearrangement. Does Pd° activate the substrate by coordination to the double 
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bond, as proposed for Pd 2 +-catalysis, or are 7t-allyl-Pd-complexes involved in 
this reaction? To distinguish between these two possibilities we investigated the 
rearrangement o f the corresponding crotyl ester 7. Without Pd°, the expected 
rearrangement product 8 was obtained exclusively, but in the presence o f the 
catalyst, 8 was only the minor product. The unbranched peptide 9 was formed 
preferentially, which clearly indicates that the products are formed not via 
Claisen rearrangement, but an unselective intermolecular al lyl ic alkylation o f an 
unsymmetric 7t-allyl-Pd-complex. 

P N 0 
I H I) 3.5 equiv LDA 

C b z H h r l W h i ^ k o 1 - 2 e q u i v Z n C l 2 

I 10 mol% catalyst O 

5 
THF. -78 °Ctort 

Catalyst 

CbzH 

— 28%, 62% ds 
PdCI2(cod) 20%, 64% ds 
Pd(PPh 3)4 75%, 50% ds 

Scheme 3. Palladium-catalyzed peptide Claisen-" rearrangement" 

Allylic Alkylations of Chelated Enolates 

Based on theses interesting results, we focused our interest on the palladium 
catalyzed allyl ic alkylation. We hoped, that our chelated enolates can be used 
also for this important reaction. In contrast to the generally used malonates, with 
our enolates a stereogenic center is formed also at the a-position o f the amino 
acid. O f course, the control o f this stereogenic centre is not a trivial issue, but the 
products obtained are highly interesting structures, and therefore we decided to 
face this challenge. 
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The reaction o f different TV-protected glycine esters with al lyl carbonates 
was examined. Besides carbonates, the corresponding acetates or benzoates can 
be used as well , but with the more reactive carbonates the yields and selectivities 
were usually better. To avoid transesterifications by the liberated alcoholate the 
glycine tert-butyl esters were chosen. Tfa- (trifluoroacetyl) was the best TV-pro
tecting group, with respect to yield and selectivity (16). Concerning the catalyst, 
the best results were generally obtained with allylpalladium chloride in the 
presence o f triphenylphosphine. A s a result o f the high reactivity o f the chelated 
enolates, the allylations already take place under very mi ld conditions at -78 °C, 
which has an extremely positive effect on the selectivity o f the reaction. 

In the reaction o f 10 with the al lyl carbonate 11 the yield was very good and 
the diastereoselectivity excellent (Scheme 4). The diastereomerically pure 
product 12 was accessible after a single crystallization step. A s determined by X -
ray structure analysis, the a/i//-product was preferentially obtained from the 
palladium-catalyzed allylic alkylation. Thus, two different procedures for the 
synthesis o f substituted y,5-unsaturated amino acids are available, which 
complement each another. The syn diastereomers can be obtained by ester 
enolate Claisen rearrangement, and the ^//-diastereomers via palladium-
catalyzed allylic substitution. 

TfaHNT^^COOf-Bu + 

10 OCOOEt 

1) 2.5equivLHMDS 
1.2 equivZnCl2 

2) 1 mol% [allylPdCI]2 

4 mol% P P h 3 12 

88%, 96% ds 

Scheme 4. Diastereoselective allylic alkylations 

Synthesis of Stannylated Amino Acids via Allylic Alkylation 

Although a wide range o f substituents can be introduced dia-
stereoselectively into a glycin ester via this protocoll, a even more flexible 
concept would be the introduction o f a side chain which can be further modified 
later on. While heterofunctionalizations o f the double bond are not a big deal, 
the more valuable C - C couplings, especially in a regioselective fashion are not a 
trivial issue. Crisp and Cl ink reported on Stille couplings using stannylated 
amino acids (17), a concept which is extremely suitable for this purpose, because 
Stille couplings proceed under neutral reaction conditions (18). 

To use the allyl ic alkylation for the synthesis o f such stannylated amino 
acids 14, a straightforward approach towards the a-stannylated al lyl carbonate 
13 was required. In principle, stannylated al lyl ic alcohols can easily be obtained 
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by hydrostannation o f the corresponding propargylic alcohols (19). Unfortuna
tely, with most methods isomeric mixtures are formed, containing the ot-product 
as the minor isomer. But we were able to develope a new molybdenum catalyzed 
hydrostannation protocol which provided 13 in a highly regioselective fashion 
(20). The best results in the allyl ic alkylation were obtained, as usual, with the 
TFA-protected enolate 10', while the subsequent Stille couplings proceeded 
better with Cbz-protected derivatives 15 (Scheme 5). This approach allows the 
introduction o f a wide range o f different side chains (16, 17) after only one 
single allylation step (21). 

"COOMe 
Bu 3SnH 

2 mol% M0BI3 
THF, 50 °C 

SnBu 3 

OCOOMe 

13 

MoBI 3 = Mo(CO)3(CN?-Bu)3 

Of-Bu 

V ° 10' 

1 mol% [allylPdCI]2 

4 mol% PPh 3 

THF,-78 °Ctort 

SnBu 3 

T f a H N " " X O O f - B u 

14 

CbzHN' 

3 equiv BnBr 
2.5 mol% Pd2<dba)3-CHCl3 

r n n M o 20 mol% AsPh 3 

COOMe THF, 20h 

SnBu3 

16 

CbzHN" "COOMe 

15 

1.05 equiv BzCI 
2 mol% [allylPdClk 

MeCN, 10 min 

.Ph 

C b z H N ^ X O O M e 

17 

Scheme 5. Synthesis and reactions of stannylated amino acids 

Asymmetric Allylic Alkylations in the Presence of Chiral Ligands 

With respect that these unusual amino acids should be used as building 
blocks for drugs or natural products, an asymmetric version o f this protocol is 
strongly desirable. One o f the most popular approaches is the use o f chiral 
ligands to introduce chirality. Substrates such as 18 or 20 with two identical 
substituents at both al lyl termini form symmetrical, achiral 71-allyl-palladium-
complexes, and therefore the stereochemical outcome o f the reaction can be 
controlled via chiral ligands on the palladium (2). This straightforward approach 
is elegant, but unfortunately more or less limited to such symmetrical substrates. 

In order to assess the scope o f this reaction, a representative set o f substra
tes, including a large and a small acyclic and two cyclic al lyl ic derivatives, was 
investigated (Scheme 6) (22). A s chiral ligands phosphinooxazoline L-2, which 
is particularly suited for acyclic substrates, as well as phosphinomyrtanic acid 
L-3, which is better suited for cyclic compounds, were used (23). 

High levels o f selectivity were achieved with 1,3-diphenylallyl acetate (18) 
as substrate, especially with the chiral ligands L-2. Recrystallization o f the crude 
product gave diastereo- and enantiomerically pure 19. A l l y l i c alkylations 
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o f cyclic substrates such as cyclohexenyl acetate (20) led to cyclohexenyl 
glycine derivative 21, respectively, which displays antibacterial activity and, 
therefore, is o f particular interest (24). Whi le L -2 gave a nearly 1:1 
diastereomeric mixture, with L -3 the ^ - p r o d u c t was formed preferentially, ee-
Values o f up to 93% could be obtained with these ligand, what is remarkable for 
such cyclic systems. 

53% {syn) 

Scheme 6. Allylic alkylations in the presence of chiral ligands 

Asymmetric Allylic Alkylations using Chiral Allylic Substrates 

O n the other hand, i f a l lyl derivatives with different substituents are used, 
unsymmetrical 7i-allyl-palladium-complexes are formed. Attack o f nucleophiles 
on these complexes in general provides mixtures o f regioisomers, depending on 
the substitution pattern of the al lyl moiety. Although this can be problematic, 
these substrates also have a big advantage: i f optically active al lyl substrates are 
used, the 7r-allyl-palladium-complexes formed are chiral, and nucleophilic attack 
on these complexes provides optically active substitution products. 

Based on the reaction mechanism, the stereochemical control in the al lyl 
fragment is not a problem (double inversion), in contrast to chiral centers formed 
in the 'nucleophile moiety'. The allylic substitutions with chiral a l lyl substrates 
(such as 21) proceeded cleanly and with good yields (Scheme 7). The chirality 
could be transfered almost completely from the al lyl derivative 21 to the product 
22. The only regioisomers obtained were those with the double bond in 
conjugation to the phenyl ring. The diastereoselectivities o f the reaction were 
high, depending on the substitution pattern at the al lyl moiety and the leaving 
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4 mol% P P h 3 

1 mol% [allylPdCl]2 

THF, -78 °Cto rt 

X 

21a Ac 
21b COOEt 

TfaHN XOOf -Bu 

22 

67%, 83% ds, 96% ee 
73%, 91% ds, 96% ee 

Scheme 7. Allylic alkylations using chiral allyl substrates 

group. The methyl derivative was superior to other alkyl derivatives, probably 
because o f steric reasons. 

It was a striking feature that the diastereoselectivities obtained with the 
acetates were a little worse in comparison to those obtained with the carbonates. 
This is the result o f the higher reactivity o f the carbonates. Whi le these react 
already at - 78 °C (or even lower), the corresponding acetates in general start 
reacting around - 6 0 °C. 

Facing the 7t-a-7i-Isomerization Problem 

Since the al lyl ic substitution with chelated enolates already proceeds at 
these low temperatures, one might see a good chance to circumvent a nearly 
unsolved problem in palladium-catalyzed al lyl ic alkylations: the 7 i - a - 7 i - i s o m e -
rzation. Wi th respect to the reaction mechanism the configuration o f the substitu
tion product depends on the configuration o f the 7t-allyl intermediates involved 
(25). Thus, the oxidative addition o f palladium(O) to (£)-al lyl-acetates and 
carbonates 21 leads to al lyl complexes with syn/syn-configumt\on (21'), which 
reacts with nucleophiles to provide the corresponding (£)-subst i tut ion products 
such as 22 (Scheme 8). Quite different is the situation i f (Z)-configured sub
strates such as 23 are used. In this case the anti/syn-complzx 23' is formed. 
Reactions o f 23' with nucleophiles would provide the (Z)-configured products 
24 (attack a) or the (£)-conf igured product 24* (attack b) (26). But in general, 
these products are not obtained. Instead, the 7t-a-7t- isomerization causes a fast 
interconversion o f the 7t-complexes via rotation o f the a-complexes A and B, 
normally preferring the syn-syn-comy\ex 21', which gives rise to (£)-subst i tut ion 
products 22 and/or 22*. 

A transfer o f the (Z)-configuration from the al lyl substrate 23 to the product 
24 would only be possible i f one could run the reaction at temperatures where 
isomerization reactions do not yet take place. Since the palladium-catalyzed 
al lyl ic substitution with chelated enolates already proceeds at -78 °C, these 
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nucleophiles have a good chance to fulfill these precondition. A n d indeed, 
reactions o f (Z)-substrates with chelated enolate 10' gave interesting results. The 
reaction with the (Z)-carbonate 25 almost exclusively yielded the desired (Z)-
substitution product 24 (Z/E: > 99/1) (Scheme 9). The outstanding selectivities 
observed even surpassed the very good results o f the reaction with the (E)-
carbonate 21. In contrast, the corresponding acetate 23 furnished a (£ /Z)-mixture 
in a very low yield. The selectivities were markedly worse than those obtained 
with the carbonate 25. This clearly indicated, that with the acetate both 
processes, direct al lyl ic substitution and isomerization, compete with each other, 
while the carbonate reacts isomerization free. 

Regioselective allylic alklyations 

If the 7i-a-7t-isomerization can be suppressed like in this case, further 
interesting questions arise: What would happen to allylic substrates with (Z)-
configuration and the same substituents at the al lyl moiety (26)? In principle, 
there are two different reaction pathways, because the anti/syn 7i-al lyl complex 
26' formed as an intermediate has two different allylic termini (Scheme 10). 
Nucleophi l ic attack at a (^/ / -posi t ion) would provide a product 27 with ( £ ) -
configuration o f the double bond, whereas the attack at b ( ^ - p o s i t i o n ) would 
lead to a (Z)-double bond (28). Which position is the more reactive one, the syn-
or the anti- position (27)? 

Tfa 

Of-Bu 

10' 

4 mol% P P h 3 

1 mol% [allyiPdCl]2 

THF, -78 °Ctort Ph 
TfaHN^ ^COOf -Bu 

24 
69%, 98% ds, 97% ee 

Scheme 9. Isomeriz at ion-free allylic alkylations 

The clarification o f this question is o f major interest, because symmetrically 
substituted al lyl derivatives are normally used in asymmetric catalyzed reactions. 
Even i f enantiomerically pure al lyl substrates are used, the chiral information 
gets lost during the reaction if, via 7t-a-7t-isomerization, an achiral synlsyn com
plex is formed. But i f one can suppress the isomerization during the reaction o f 
(Z)-configured substrates, and i f one o f the two allyl ic positions is pronouncedly 
more reactive than the other one, it should be possible to generate optically 
active compounds with these substrates as wel l . 
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Scheme 10. Nucleophilic attack on anti/syn π-allyl complexes 

The allylic alkylation with racemic 29 gave a very pleasing result (Scheme 
11). The only product to be isolated was the (£)-configured product 30 with 
good yield and diastereoselectivity (28). The same product could also be 
obtained starting from the corresponding (^-configured al lyl ic substrate albeit, 
interestingly, with lower diastereoselectivity (65 % ds) (16). Keeping in mind, 
that the π-σ-π- isomerizat ion should not play a significant role under these 
reaction conditions, one can conclude that the anti position is much more 
reactive than the syn position (27). For that reason, the investigation o f a feasible 
transfer o f chirality from optically active, symmetrically substituted (Z)-allyl 
substrates was obvious, and we scanned dimethyl derivatives such as (S)-31, 
which gave the chiral (/^-configured substitution product 32 exclusively in good 
yields. A l s o in these cases the selectivities, which the <2/7//-products were formed 
with, were excellent. Moreover, the almost complete transfer o f chirality 
shows that the reaction proceeds via the anti/syn-comp\ex and not via the 
syn/sy η-complex, which would inevitably lead to racemization. 

A t this point, we became interested to see, whether the different reactivity o f 
the two allyl ic positions can be utilized to control the regioselectivity (rs) o f the 
nucleophilic attack on π-allyl complexes with similar substituents. First, we 
investigated the methyl propyl-substituted al lyl ic carbonates 33 and 35 and 
found interesting results (Scheme 12). A s we hoped in the reaction o f substrate 
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33 the allylation product 34 was obtained nearly exclusively (98% rs) with a 
high preference for the anti-product (29). This is in good agreement with the 
observation made with carbonate 31. Quite different was the situation i f 35 was 
used as substrate. Nucleophil ic attack at the more reactive a«/ /-posi t ion o f the n-
allylpalladium complex should give rise to substitution product 36, while attack 
at the sy^-position should provide a (Z)-configured product (see Scheme 10). 36 
was found to be the major product, albeit with a poor yield compared to the 
reaction o f 33, but instead o f a byproduct bearing a (Z)-double bond, ( £ ) -
configured 34 was obtained in nearly equal amount. Moreover, the 
diastereoselectivities the aM'-products are formed with were significantly lower. 
Obviously in this case, nucleophilic attack at the propyl-substituted ^ / / -pos i t i on 
o f the metal complex is - probably for steric reasons - slower than the 
competing 7t-a-7i-isomerization, giving rise to the corresponding synlsyn-
complex which shows no significant selectivity regarding the nucleophilic attack 
at the allyl ic positions. 

If steric arguments are responsible for this different behavior, one might 
expect better results i f the propyl group is replaced by a sterically less deman
ding one, such as a propynyl group. Therefore, substrate 37 was investigated and 
indeed, in the reaction with enolate 10' only one regioisomer 38 could be 
observed, which was obtained with excellent stereoselectivity. 

TfaHN COOf-Bu 
34 

83%, 98% rs, 92% ds 

Pr 

Tfal 

Of-Bu 

1 mol% [allylPdClfe T f a H N ^ X O O f - B u T f a H N ^ X O O f - B u 
4 mol% P P h 3 

THF, -78 °Ctort 3 6 3 4 

TfaHN COOf-Bu 
38 

77%, >98% rs, 98% ds 

45%, 78% ds 40%, 83% ds 

Scheme 12. Regioselective allylic alkylations using unsymmetrical allylic 
substrates 
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Reactions via terminal rc-Allyl-Complexes 

Terminal Ti-allyl-complexes show an even higher tendency towards 
isomerization than 1,3-disubstituted derivatives. Therefore, we were interested to 
see i f with our nucleophiles, even with these substrates, isomerization can be 
suppressed, at least in part. A n d indeed, with THP-protected (Z)-
butendiolcarbonate 39 the required amino acid 40 was obtained with a nearly 
perfect transfer o f the olefin geometry (30). A similar result was obtained with 
the chiral substrate 41, which also showed a significant chiral induction from the 
al ly l substrate to the ot-position o f the new formed amino acid 42. 

This chiral induction could even be increased by switching to a sterically 
more demanding protecting group such as T B D P S (43). Interestingly, with this 
substrate the (£)-configured product (44) was formed exclusively. Obviously, 
the formation o f the 7i-allyl-Pd-complex is sterically hindered and the reaction 
requires a higher temperature to set in, probably a temperature range were 
isomerization is a fast process. 

r T ^ O T H P 

40 
87%, 98% (Z) 

OTHP 
OCOOMe 

39 
1 mol% [allylPdCI]2 

4 mol% PPh 3 

THF,-78 °C tort 

T f a h / ^ T 
Z r r ° 
10' 

Of-Bu 

OTHP 
-OCOOMe "OTHP 

1 mol% [allylPdCI]2 

4 mol% PPh 3 

THF,-78 °Ctort 
TfaHN COOf-Bu 

42 
84%, 90% (Z), 82% ds 

Scheme 13. Allylic alkylation with conservation of the (Z)-olefin geometry 

But i f isomerization takes place, it should be irrelevant i f we use a (Z)- or an 
(£)-subst ra te 45, or even the isomeric carbonate 46. To prove this option we also 
investigated the reaction o f these two isomers. Indeed, the result o f the reaction 
was the same, independent o f the configuration o f the leaving group in 45. The 
stereochemical outcome o f the reaction is exclusively controlled by the 
stereogenic center adjacent to the 7i-allyl-complex (31). 

This approach has been applied to the several (also a-methylated) amino 
acids such as 47-49 . It is worth to mention, that the diastereomer with the 
opposite configuration at the ot-position can be obtained by using a coordinating 
protecting group as in compound 50 (32). 

Stereoselective Peptide Modifications via Allylic alkylation 

The high isomerization tendency o f terminal 7r-allyl-complexes makes them 
good candidates for substrate controlled al lyl ic alkylations. Because we came 
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TfaN 

43 

Z r r 6 

10' 

Of-Bu OTBDPS 

75% 

TfaN 

Of-Bu 

10' 

TfaHN X O O f - B u 

44 
96% ds 

93% 

OTBDPS 

45 OE 

Scheme 14. Allylic alkylation with isomerization of the (Z)-olefin geometry 

OTBDPS 

TfaHN COOf-Bu 

47 
93%, > 95% ds 

OTBDPS 

TfaHN XOOf -Bu 

48 
95%, 96% ds 

BnO TfaHN XOOf -Bu 

49 
99%, 88% ds 

\ ^O Zrr 

10' 

Of-Bu Odppb 4 mol% P P h 3 

1 mol% [allylPdCI]2 

Odppb 

TfaHN" XOOf -Bu 

51 
43%, 91% ds 

Scheme 15. Substrate-controlled allylic alkylations 
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into this business via our peptide modification program (13), we o f course were 
highly interested to see, i f we can use this approach also for the stereoselective 
modification o f peptides. Based on the good results obtained with TFA-protected 
/-butyl glycinate 10 we used this protecting group combination also for our 
investigations o f dipeptides 52, and obtained excellent results. Most amino acids 
gave yields and selectivities in the 90's. The best results were obtained with the 
aromatic amino acids, such as phenylalanine (R = Bn) , but even the smallest 
amino acid alanine (R = C H 3 ) gave up to 83 % ds (33). 

R 1)3.5 equiv L H M D S 

X Ji X O O f - B u 1-2 equiv ZnCI 2 , 

T f a H r T ^ Y ^ 2) 0.7 equiv 

0 EtOOC 

52 1.4mol%[allylPdCI] 2 

6.3 mol% P P h 3 83-93 % ds 
T H F , - 7 8 °Cto r t 

72-98% 

Scheme 16. Allylic Alkylations of Peptides 

A n (5)-amino acid in the peptide chain always induces an (7?)-amino acid 
and the other way round. This can be explained via the formation o f a metal 
peptide enolate complex, where the peptide coordinates three times towards the 
metal. In this enolate complex, one face o f the enolate is shield by the side chain 
o f the adjacent amino acid, generating the "opposite" configuration. 

This approach is not only applicable to a wide range o f different, also 
functionalized, peptides but also to rather complex allyl ic substrates, which 
allows the synthesis libraries o f functionalized peptides, such as 54-59 (34). 

To increase the flexibility o f this protocol even further we took advantage o f 
the Stille approach discussed above. With the stannylated allylcarbonates 60 the 
selectivites were even higher than with the "usual" substrates, probably because 
o f the sterically more demanding stannylated 7i-allyl-complex (35). 

The stannylated peptides 61 gave the different cross coupling products (62, 
63) in very high yield and without epimerization o f the stereogenic centres. Last 
but not least the stannylated peptides 61 can undergo an umpolung via a tin-
iodine-exchange. The halogenated peptides 64 obtained can now be coupled the 
other way round with several organometallics or in carbonylation reactions. In 
principle with only two to three steps large libraries o f rather divergent peptides 
can be generated, what makes this approach interesting for the synthesis o f drug 
like molecules and investigations o f structure-activity relationships. 
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88%, 96 %ds 94%, 95% ds 89%, 98% ds 

Scheme 17. Stereoselective modifications of dipeptides 

SnBu3 

SnBu 3

 1 • 1 e € * u i v Z n C | 2 
| 3.5 equiv LHMDS 

Tfa-Phe-NhT^COOf-Bu + ^ \ ^ 0 C 0 0 E t

 2 mol% [allylPdCI]2 * T fa-Phe -NhK^COOBu 
( 60 8%PPh 3 ,THF ( S )

 6 1 

-78 °Ctort 
73%, 98% ds 

Scheme 18. Synthesis of stannylated peptides 
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Scheme 19. Generation of Peptide Libraries from Stannylated Peptides. 
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Chapter 11 

Development of Phase-Transfer-Catalyzed 
Asymmetric Strecker Reaction Based 

on the Molecular Design of Chiral Quaternary 
Ammonium Salts 

Takashi Ooi 

Department of Applied Chemistry, Graduate School of Engineering, 
Nagoya University, Chikusa, Nagoya 464-8603, Japan 

Asymmetric Strecker reaction o f aldimines using aqueous 
potassium cyanide ( K C N ) as a cyanide source has been 
devised through the molecular design o f chiral phase-transfer 
catalyst 9 bearing a stereochemically defined tetranaphthyl 
backbone. Further, highly efficient, enantioselective synthesis 
o f N-protected α-amino nitriles from the corresponding α– 
amido sulfones under similar biphasic conditions is also 
described, featuring its practical advantages. 

Cyanation o f imines, the second step in the Strecker reaction, represents one 
o f the most direct and viable methods for the synthesis o f a-amino acids and 
their derivatives. Primarily because o f the importance o f optically active ot-
amino acids (/), stereochemical control o f this valuable carbon-carbon bond-
forming reaction has been the focus o f extensive study. Actually, numerous 
efforts have been devoted for the last decade to the development o f chiral 
catalysts to effect the enantioselective Strecker reaction o f aldimines and 
ketimines (2). However, most o f the previously elaborated catalytic asymmetric 
Strecker methodologies rely on either alkylmetal cyanide such as trimethylsilyl 
cyanide or anhydrous hydrogen cyanide generally at low temperature, which 
poses an important problem to be addressed particularly when large-scale 
industrial applications are considered (2,3). In this regard, we have been 
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interested in the possibility o f employing potassium cyanide ( K C N ) as a cyanide 
source within the context o f our continuous research program toward the 
development o f new and practical synthetic strategies in the realm o f asymmetric 
phase-transfer catalysis (4,5). In this chapter, we describe the highly 
enantioselective Strecker reaction o f iV-arylsulfonyl aldimines under toluene-
aqueous K C N biphasic conditions based on the molecular design o f chiral 
quaternary ammonium salts 2 bearing tetranaphthyl backbone as an efficient 
phase-transfer catalyst (6). Furthermore, we document that the in situ generation 
o f the reactive imines from the corresponding a-amido sulfones leads to the 
improvement o f both chemical yield and stereoselectivity (7,8). 

Reaction System and Use of 7V-Spiro-type Catalyst 

W e initiated our search for an appropriate reaction system with an imine o f 
cyclohexanecarboxaldehyde (la) as a representative substrate in order to realize 
its smooth cyanation under biphasic conditions consisting o f organic solvent and 
K C N aqueous solution. For this purpose, a protecting group (PG) o f the imine 
nitrogen was screened in the cyanation with 2 M K C N aqueous solution (1.2 
equiv) in to luene-H 2 0 (volume ratio = 1:3) at 0 °C using tetrabutylammonium 
bromide ( T B A B , 5 mol%) as catalyst. While none o f the product formation was 
detected in the reactions with substrates having p-methoxyphenyl or benzhydryl 
group even after stirring at room temperature (entries 1 and 2 in Table 1), 
cyanation o f M-/?-toluenesulfonyl imine proceeded to give the desired protected 
a-amino nitrile 2a ( P G = S 0 2 T o l ) in 76% isolated yield (entry 3). The marked 
decrease o f the yield observed in the control experiment without T B A B 
suggested the essential role o f the catalyst, extracting a cyanide anion from the 
aqueous phase as an ammonium cyanide with enhanced nucleophilicity (entry 4). 
These results led us to examine the possibility o f asymmetric induction by the 
use o f a series o f iV-spiro chiral quaternary ammonium bromide (3a-3c, 1 m o l % , 
Figure 1) as catalyst, which were quite effective for the phase-transfer-catalyzed 
alkylation o f glycine derivatives (4e). Unfortunately, however, it turned out that 
the observed enantiomeric excesses were less than 10% ee, though 3a-3c were 
reactive enough to catalyze the cyanation as also included in Table 1 (entries 
5-7). 

Design, Synthesis and Evaluation of New Catalysts 

Based on these initial observations, we decided to design new chiral 
quaternary ammonium salts that would exert sufficient reactivity and 
stereoselectivity. Our prime concern at this stage was to endow the ammonium 
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Table 1. Effect of Nitrogen Protecting Group and Results of Asymmetric 
Cyanation Using (R,R)-3 as Catalyst 

N

/ P G catalyst (xmol%) H N

/ P G 

2 M K C N ( 1 . 2 e q ) 

H to luene-H 2 0(1:3) [ T C N 

1a 2a 

entry PG catalyst (x) conditions yield (%) ee (%/ 

1 P M P T B A B (5) 0 °C ~r.t., 24 h n.r. -
2 C H P h 2 T B A B (5) 0 °C ~r.t., 24 h n.r. -
3 S 0 2 T o l T B A B (5) 0 °C, 30 min 76 -
4 S 0 2 T o l - 0 °C, 30 min 15 -
5 S 0 2 T o l 3 a ( l ) 0 ° C , 10 h 77 rac. 
6 S 0 2 T o l 3 b ( l ) 0 °C, 8 h 91 10 
7 S 0 2 T o l 3c (1) 0 °C, 7 h 82 3 

a Determined by chiral H P L C analysis (DAICEL Chiralpak AD-H) . P M P = p-
methoxyphenyl. T B A B = tetrabutylammonium bromide, n.r. = no reaction. Tol =p-tolyl. 

(R,R)-3 3a 3b 3c 

Figure 1. Representative N-Spiro-type Chiral Phase-Transfer Catalysts. 

cation with an optimal structure for achieving both a facile anion extraction and a 
precise enantiofacial discrimination o f the prochiral imine. Actual design plan 
toward this end was first to get rid of one of the two chiral binaphthyl subunits from 
the parent structure o f iV-sipro-type 3, and replace it by simple alkyl substituents 
(R) to impart hydrophilicity to the salt (Figure 2). Second, introduction o f ortho-
substituted phenyl groups at 3,3'-positions o f chiral binaphthyl unit was considered 
with the expectation that the orr/io-substituents caused rotational restriction around 
the naphthyl-phenyl biaryl axes, which would provide a configurational bias to 
create a stereochemically defined molecular cavity over the nitrogen. According to 
this molecular design, three diastereomers are conceivable as exemplified in Figure 
2 [R = M e , orf/zosubstituent = Ph (4)], and two symmetric isomers would offer a 
suitable binding pocket for the imine substrate, possibly exhibiting expected 
catalytic and chiral efficiencies. 
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asymmetric 4 symmetric 4 

Figure 2. Design Plan of New Chiral Quatrenary Ammonium Salts. 

The synthesis o f 4 was then implemented in a six-step sequence starting 
from (7?)-binaphthyl dicaboxylate 5 as illustrated in Scheme 1. The ortho-
magnesiation-halogenation technique we developed (9) was effective for the 
neopentyl ester 5, furnishing 6 in 7 1 % yield. Subsequent reduction o f the ester 
moieties, bromination and alkylation with methyl amine afforded the key 
intermediate 7, which was subjected to the Suzuki-Miyaura cross-coupling 
conditions with or//?o-phenylphenyl boronic acid. Although we assumed that 
three diastereomers might be formed after the installment o f the 3,3'-ortho-
phenylphenyl groups, the desired 8 was obtained as a mixture o f two 
stereoisomers, symmetric and asymmetric ones, in a ratio o f 4:1. W e were 
fortunately able to obtain 4 in a pure form through the quaternization with 
methyl iodide and purification with sil ica gel column chromatography (10). 

To unequivocally determine the three-dimensional molecular structure o f 4, 
the single crystal X-ray diffraction analysis was conducted after derivatization to 
the corresponding hexafluorophosphate (4-PF 6 ) and recrystallization from T H F -
hexane solvent system at 0 °C, revealing its (R,R,R) configuration (Figure 3). A s 
expected, each phenyl substituent at 3,3'-positions o f the binaphthyl unit is 
nearly perpendicular to the attached naphthalene ring, sticking over the central 
cationic nitrogen. Further, the pendant ortho-phenyl group is parallel to the 
other and contributes to extend the aromatic surface to offer an ample reaction 
cavity, which could hold the imine functionality within an ideal proximity to the 
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1)Mg(TMP) 2 

^ C 0 2 R T H F . O ' C - r . t 

/ C 0 2 R 2 ) B r 2 

- 78 °C to r.t. 

(R = C H 2 B u O 

[TMP = 2,2,6,6-tetramethylpiperamide] 

, B r 
^ B(OH) 2 

NMe Pd (OAc ) 2 l P P h 3 

Br 7 

64% (3 steps) 

DMF, C s 2 C 0 3 

90 °C, 8 h 

Br 

' C 0 2 R DIBAH P B r 3 M e N H 2 

C 0 2 R C H 2 C I 2 C H 2 C I 2 THF 
0°C~r. t . 0 ° O r . t . 0 ° O r . t 

Br 6 
7 1 % 

NMe Mel 

Ar 8 
/ Ar = 2 - P h - C 6 H 4 

\ sym. /asym. = 4:1 6 1 % (2 steps) 

Scheme 1, Synthesis of Chiral Quaternary Ammonium Iodide 4. 
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cyanide anion located inside the chiral environment, enabling an efficient and 
stereoselective bond formation. 

To examine this hypothesis, we evaluated the potential o f 4 as a chiral 
phase-transfer catalyst by performing the asymmetric cyanation o f la ( P G = 
S 0 2 T o l ) under the biphasic conditions in the presence o f 4. Thus, a mixture o f 
l a ( P G = S 0 2 T o l ) and 1 m o l % o f 4 in to luene-KCN aqueous solution (1.2 
equiv) was vigorously stirred at 0 °C. The T L C monitoring indicated the 
complete consumption o f the substrate after 2 h, and the desired protected amino 
nitrile 2a ( P G = S 0 2 T o l ) was isolated in 84% yield with enantiomeric excess o f 
24% ee (entry 1 in Table 2). Here, employment o f N-mesitylenesulfonyl imine 
l a ( P G = S 0 2 M e s ) enhanced the enantioselectivity to 57% ee, though longer 
reaction time was required (entry 2). These promising results apparently 
supported the direction o f the molecular design o f the catalyst, which led us to 
undertake further structural modification o f 4 by replacing the 3,3'-substituents 
with 2-phenyl-l-naphthyl group for critical improvement o f the stereoselectivity 
(9a in Figure 4). The chiral quaternary ammonium iodide 9a possessing 
stereochemically homogeneous tetranaphthyl backbone was prepared in a 
manner similar to that o f 4. Subsequent crystallographic analysis uncovered its 
enlarged chiral molecular cavity as shown in Figure 4, implying the feasibility o f 
more accurate enantiofacial recognition. Indeed, the catalyst 9a exhibited high 
chiral efficiency in the reaction o f l a ( P G = S 0 2 M e s ) with aqueous K C N under 
similar conditions to afford 2a ( P G = S 0 2 M e s ) with 89% ee (entry 3). 
Moreover, the additional phenyl substituents at 4-positions o f the outer naphthyl 
units (9b in Figure 4) were revealed to be associated with even more rigorous 
enantiocontrol (90% ee) (entry 4). Finally, we found that the introduction o f 
electron-withdrawing trifluoromethyl group to all the appended phenyl groups 
(9c) delivered a beneficial effect on the enantioselectivity (entry 5), and the 
phase-transfer cyanation o f la ( P G = S 0 2 M e s ) with 1.5 equiv o f K C N under the 
influence o f 9c was completed within 2 h to produce 2a ( P G = S 0 2 M e s ) in 89% 
yield with 95% ee (entry 6). 

Other selected examples listed in Table 3 clearly demonstrate the 
effectiveness o f this asymmetric Strecker protocol for a variety o f aliphatic 
aldimines. In general, 1 m o l % o f 9c with 1.5 equiv o f K C N was sufficient for 
the smooth reaction, and the corresponding protected amino nitrile 2 was 
obtained uniformly in high yield with excellent enantioselectivity. Emphasized 
is the fact that the present system nicely accommodates the substrates having ot-
tert-a\ky\ substituents such as pivalaldimine (entries 5-7), thereby enabling a 
facile synthesis o f enantiomerically enriched terf-leucine and its various 
analogues, a series o f considerably useful chiral building blocks not accessible 
by the asymmetric alkylation o f glycine derivatives (4). 

The mesitylenesulfonyl moiety o f the optically active Strecker product 2 can 
be readily cleaved by the treatment with methanesulfonic acid in T F A -
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Table 2. Optimization of the Asymmetric Strecker Reaction of l a with 
Respect to Arylsu lfonyl Group and Catalyst Structure 

4 or 9 (1 mol%) 
N 

X 
2 M K C N ( 1 . 2 e q ) 

HN 

c I H to luene-H 2 0 (1:3) 
J 1a 0 ° C ^ 2a 

entry PG catalyst react, time (h) y / e W (%) ee (%)" (config)b 

1 S0 2ToI 4 2 84 24 (5) 
2 S0 2 Mes 4 8 81 57(5) 
3 S0 2 Mes 9a 4 83 89 (S) 
4 S0 2 Mes 9b 4 90 90 (S) 
5 S0 2 Mes 9c 4 89 94 (S) 
6C S0 2Mes 9c 4 89 95 (S) 

a Determined by chiral H P L C analysis (DAICEL Chiralpak AD-H) . Mes = mesityl. b For 
assignment of the absolute configuration, see Scheme 2. c With 1.5 equiv of 2 M K C N 
aqueous solution. 

O R T E P diagram of 9a 9c (Ar 1 = Ar 2 = p - C F 3 - C 6 H 4 ) 

Figure 4. Modification of 4 to Tetranaphthyl-type 9 and Its Structural 
Determination by X-ray Analysis. 
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Table 3. Substrate Scope of the Asymmetric Strecker Reaction 

/ S 0 2 M e s 9c (1 moI%) / S 0 2 M e s 
jĵ  2 M K C N (1.5 eq) Hl^ 

R 1 H to luene-H 2 0 (1:3) R 1 ^ C N 
1 0 ° C 2 

entry 1 (R1) react, time (h) yield (%) ee (%)" 

1 c-Oct 2 88 97 
2 ;-Pr 3 85 93 
3 P h ( C H 2 ) 2 2 81 90 
4 ( C H 3 ) 2 C H C H 2 3 82 88 
5 / - B u 3 94 94 
6 P h ( C H 3 ) 2 C 8 95 98 
7 A d 8 98 97 

° Determined by chiral H P L C analysis (DAICEL Chiralpak AD-H). 

H N 
. S 0 2 M e s 

err 
95% ee 

M e S Q 3 H 

TFA-thioanisole 
(9:1) 

r . t . ,2h 

N H 2 

C N 

10 

BzCI, K 2 C 0 3 

C H 2 C l 2 - H 2 0 
r.t. 

HCI/ether 

N H B z 

90% (2 steps) 

95% ee 

© 0 
N H 3 CI aS ^ C N [ t t ] D

2 9 +8.14 (c 1.00, M e O H ) 

12 lit.; [a] D 2° +8.2 (c 1.05, MeOH) 

Scheme 2. Deprotection and Assignment of Absolute Configuration. 
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thioanisole at room temperature as exemplified in Scheme 2 (77), and complete 
preservation of the enantiomeric excess was confirmed by HPLC analysis after 
derivatization of amino nitrile 10 to its 7V-benzoate 11. The absolute 
configuration of 2a was assigned to be S by comparing the optical rotation of 
amino nitrile hydrochloride 12 with the reported value (72). 

In Situ Generation of Sulfonyl Imines 

As described above, the phase-transfer-catalyzed, highly enantioselective 
cyanation of N-mesitylenesulfonyl aldimines using aqueous KCN as a cyanide 
source has been devised through the molecular design of a chiral quaternary 
ammonium iodide 9c as catalyst. Although this practical asymmetric Strecker 
protocol tolerates a wide range of aliphatic aldimines, the chemical yield and 
enantioselectivity were still insufficient in the reactions with secondary and, 
particularly, primary alkyl aldimines compared to tertiary alkyl ones (Table 3). 
We reasoned that it could be ascribed to the partial imine hydrolysis and 
uncatalyzed cyanation under biphasic conditions. To overcome these problems 
associated with the direct use of the reactive sulfonyl imines, we sought to 
employ N-mesitylenesulfonyl a-amido sulfones as a suitable starting substrate 
for the in situ generation of the imine under similar liquid-liquid phase-transfer 
conditions (J3,14). 

The requisite jV-mesitylenesulfonyl a-amido sulfone, actually a synthetic 
precursor of the corresponding aldimine, can be readily prepared from aldehydes 
and mesitylenesulfonamide and easily purified by simple recrystallization (6). 
With cyclohexanecarboxaldehyde-derived a-amido sulfone 13a as a 
representative substrate, initial attempt was made by exposure of 13a to the 
biphasic conditions consisting of toluene and 2 M KCN aqueous solution (2 
equiv) in the presence of 4 as catalyst. Complete consumption of 13a was 
comfirmed after 2 h, and the desired jV-mesitylenesulfonyl a-amino nitrile 2a 
was produced in a quantitative yield with 60% ee (entry 1 in Table 4). Similar 
reactivity and selectivity were observed when the reaction was performed with 
1.2 equivalents of KCN under otherwise identical condition (entry 2). The 
considerable improvement of the chemical yield and the enhanced 
enantioselectivity compared to the case with the imine as substrate clearly 
indicates that the intervention of imine hydrolysis and background cyanation is 
minimized, thereby releasing the full potential of the chiral phase-transfer 
catalysis of 4. It should be noted that the amount of KCN can further be reduced 
to 1.05 equivalents without any detrimental effect on the reaction efficiency, thus 
solidifying the practical aspect of this system. Finally, switching the catalyst 
from 4 to 9c enabled the quantitative isolation of highly enantioenriched 2a as 
included in Table 4. 
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Table 4. Optimization of Reaction Conditions with Respect 
to the Amount of KCN 

H N . S 0 2 M e s 

r ^ y v s o 2 T o i 

\ ^ 13a 

entry Catalyst KCNfy) reacf . f/me (h) yield (%) ee (%)" 
1 4 2.0 2 99 60 
2" 4 1.2 1.5 99 (81) 61 (57) 
3 4 1.05 1.5 99 63 
4" 9c 1.05 1.5 99 (89) 97 (95) 

a Determined by chiral HPLC analysis (DAICEL Chiralpak AD-H). * The results with the 
corresponding jV-mesitylenesulfonyl aldimine as a starting substrate are shown in the 
parentheses. 

With the optimized conditions in hand, we conducted experiments to probe 
the scope of this asymmetric Strecker synthesis from a-amido sulfones, and 
representative results are summarized in Scheme 3. The reaction proceeded 
rapidly and cleanly with a variety of a-amido sulfones derived from a-branched 
and a-unbranched aldehydes including a highly enolizable one in the presence of 
1 mol% of 9c and 1.05 equivalents of KCN aqueous solution, and the 
corresponding a-amino nitriles 2 were obtained in excellent chemical yields and 
constantly higher enantioselectivities. In particular, this method is quite 
effective for the asymmetric synthesis of an a-amino nitrile possessing a 
secondary alkyl a-substituent as represented by the cyanation starting from the 
substrate with A^-benzyloxycarbonyl-4-piperidinyl group, in which the target 
product was isolated quantitatively in an essentially enantiopure form. 

Conclusion 

We have achieved the phase-transfer-catalyzed, highly enantioselective 
cyanation of aldimines using aqueous KCN as an inexpensive and easy-to-handle 
cyanide source through the development of new chiral quaternary ammonium 
iodide 9c bearing a stereochemically defined tetranaphthyl backbone. 
Furthermore, remarkably efficient, high yielding asymmetric synthesis of N-
mesitylenesulfonyl a-amino nitrile from the corresponding a-amido sulfones has 
also been accomplished under similar biphasic conditions in the presence of 9c, 
which obviates the preformation of the reactive aldimines having primary and 

4 or 9c (1 mol%) . S 0 2 M e s 

2 M K C N (y equiv) 7 

to luene-H 2 0(1:3) [ C N 

0 °C \ ^ 2a 
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. S O ^ e s 9c (1mol%) 
HN 2 M K C N (1.05 eq) 

R 1 S 0 2 T o l 

HN 
- S 0 2 M e s 

primary 

13 

\ 

99%, 94% ee 
( 8 1 % , 9 0 % e e ) 

96%, 84% ee 

secondary 

99%, 98% ee 
(88%, 9 7 % ee) 

toluene-H20 (1:3) 

0 °C, <2 h 

Me 

99%, 91%ee 
( 8 2 % , 8 8 % e e ) 

P h ^ A 

93%, 85% ee 

R 1 C N 
2 

Me r 
Me 

99%, 97% ee 
( 8 5 % , 9 3 % e e ) 

C b z 

99%, 97% ee 

Scheme 3. Advantage and Generality of the Asymmetric Strecker Synthesis from 
a-Amido Sulfones. Results of the Reactions with Imines Are Shown in 

Parentheses. 

secondary alkyl ct-substituents and also allows for the reduction of KCN to 
nearly equimolar amount. This study represents an essentially new and powerful 
approach toward the asymmetric Strecker-type reactions, which holds distinctive 
practical advantages and should fulfill the recent continually increasing demand 
for the availability of a broad range of a-amino acids in diverse scientific 
disciplines. 
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This chapter describes the application of a three component 
coupling reaction of organoboronates, amines and appropriate 
aldehydes for synthesis of unnatural α-amino acids. This 
process can easily be combined with catalytic generation of 
organoboronates, and thus structurally diverse amino acids can 
be obtained from simple precursors, such as allylic alcohols, in 
a one pot process. 

In the past decades there has been a large interest to design new general 
methods for synthesis of unnatural a-amino acids (1). One of the latest important 
developments in this field is based on application of organoboronates, first 
reported by Petasis and co-workers (Figure 1) (7-5). 

N R ' 2 

R-B(OH)2 + RUNH + HOOC-CH=0 JL 
2 3 4 R | C O O H 

Figure 1. General scheme for the Petasis reaction obtaining a-amino acids 

The key element of this process is a three component coupling reaction of 
organoboronates (2) with amines (3) and glyoxylic acid (4), affording a-amino 
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acids directly. This process is usually referred to as the borono-Mannich reaction 
or Petasis reaction (4-6). The structural diversity of the amino acids is created by 
the various substituents of the organoboronates. Practically all types of 
organoboronates, including aryl (2,7,8), vinyl (1,7,9) and allylboronates (10-13) 
undergo Petasis reaction, forming p, y and 8-fimctionalized a-amino acids. 
Furthermore, as the coupling between allylboronates and in situ generated imines 
proceeds with a high regio- and stereoselectivity, the reaction is particularly 
suitable for synthesis of densely fimctionalized, stereodefined, unnatural a-
amino acids. The reaction is environmentally benign, as the major waste product 
is non-toxic boric acid or its derivatives. Although aryl and vinylboronates are 
relatively easily accessible and air-stable organometallic reagents, fimctionalized 
allylboronates are more difficult to obtain, and their isolation is relatively 
cumbersome (4). Therefore, a one-pot procedure was designed (10) (vide infra) 
for synthesis of a-amino acids via in situ generated allylboronates. 

a-Amino Acids Prepared from Isolated Organoboronates 

Application of vinyl and arylboronic acids as substrates 

Vinylboronic acids (such as 2a-b) are highly reactive and versatile reaction 
partners for synthesis of structurally diverse amino acid derivatives (eq. 1-3) 
(1,7,9). 

p h ^ ^ V " B ( ° H ) 2 + P h ^ N H 2 

2a 3a 

Ph 

Br 
/ ^ B ( O H ) 2 + P h ^ N H ; 

2b 3b 

Ph 

N Ph 

P h ^ ^ " "COOH (1) 
la yield 94% 

Ph 

N ^ P h 

Br^ "COOH (2) 
lb yield 87% 

Ph 

+ H N " ^ ^ ° H *~ Ph^ ^COOH (3) 
lc yield 78% (>99%de) 2a 3c 
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The reaction proceeds with high yields using primary (3a-b) and secondary 
amines, even bulky ones (eq. 2). By using cleavable amines (such as 3b), the 
final products (such as lb) can easily be converted to free amino acids. 
Asymmetric versions of the reaction proceeds with fair to excellent 
stereoselectivities depending on the applied chiral amine component. For 
example, phenylglycinol 3c was reacted with excellent diastereoselectivity and 
high yield. The product (lc) could easily be converted to enantiopure 
homophenylalanine. 

5 Id le yield 85% (>99% de) 

Schreiber and co-workers (9) employed a slightly modified version of the 
Petasis reaction to generate arrays of skeletally and stereochemically diverse 
small molecules. The three component coupling of cyclopropylvinylboronic acid 
2c, lactol 5 and phenylalanine derivative Id proceeded smoothly, affording 
exclusively the anti diastereomer of le. The high stereoselectivity of the 
coupling reaction is probably due to the directing effects of the hydroxy group in 
the intermediate imine (formed from 5 and Id). The densely fimctionalized 
product le was employed as a template in diversity oriented synthesis to 
generate libraries of skeletally diverse a-amino acid derivatives. 

Ph 

2e lg yield 84% 
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Phenylglycine derivatives (If) can easily be prepared (eq. 5) from 
arylboronic acids (2d), the corresponding amine (3) and glyoxylic acid (4).(2) 
The analogous synthesis can be extended for preparation of heteroaromatic 
analogs, such as lg, using the corresponding heteroarylboronic acid derivative 
(e.g. 2e) (2,7,14-16). Cleavage of the diarylmethyl group by hydrogenation or 
hydrolysis affords the free amino acids, which are valuable drug intermediates. 

a-Amino acids from allylboronates 

Kobayashi and co-workers (11,12) have shown that isolated allylboronates 
can also be employed as organoboronate components to prepare a-amino acids. 
Thus, the parent allylboronic acid 2f reacted readily with aqueous ammonia and 
glyoxylic acid 4 to give amino acid lh in quantitative yield (eq. 7) (12). Despite 
of the high reactivity of allylboronates (4) toward aldehydes (such as 4) the a-
hydroxy acid analog did not form at all in this process. 

^ r ^ B ( O H ) 2 + N H 3 

2f 

© 
N H 3 

B ( O H ) 2 + 0 I -
O O C O H 

2g 

© 
N H , 

\ ^ ^ B ( O H ) 2 + 0 I -
O O C O H 

2h 6 

C O O H 

l h quantitative yield 

N H 0 

COOH 

l i yield 95% 

N H 2 

^COOH 

l j yield 93% 

(7) 

(8) 

(9) 

Application of crotylboronates 2g,h (eqs. 8-9) with 6 led to formation of the 
branched allylic products with a high regioselectivity. As the coupling reaction 
creates new stereogenic carbons, two diastereomers are expected to form, 
however, the stereoselectivity of this reaction was found to be excellent. Starting 
from c/5-crotylboronate 2g, the syn stereoisomer li was obtained, while the trans 
isomer 2h gave the anti product lj selectively. This stereo- and regioselectivity 
is exactly the same as in the coupling reaction of allylboronates with aldehydes 
(4,17). The reaction provided the free a-amino acids directly, however this 
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caused a minor problem as well. It was found that the branched amino acid 
products (such as li-j) tended to undergo aza-Cope rearrangement in the reaction 
mixture after reacting of 6, resulting in the corresponding linear regioisomers. 
This side reaction could be avoided by quick purification. Thadani and co
workers (13) demonstrated that a-amino acid derivatives could be prepared in a 
similar way using a three component coupling of allylboronic acids (such as 2h), 
glyoxylic acid (4) and ketones. 

One-pot Synthesis of a-Amino Acids via in situ Generated 
Allylboronates 

In the above described procedures, the a-amino acids have been prepared 
from isolated organoboronates. As the functional part of the amino acids is 
introduced by the organoboronate component, accessibility to the appropriate 
reagents is an important factor for a successful application of these synthetic 
routes. A large variety of arylboronic acids (such as 2d) and some of the 
vinylboronates are commercially available (such as 2a), and therefore the 
synthesis of the requested amino acids can relatively easily be performed starting 
from these reagents. However, allylboronates are much less easily accessible 
compounds. Currently, only the pinacolate ester of the parent allylboronic acid 
(2f) is commercially available. Besides, the selective synthesis and handling of 
many functionalized allylboronates are problematic (18-21). These problems can 
be solved by development of new efficient catalytic methods for generation of 
allylboronates followed by a Petasis reaction in a one-pot sequence. In this way, 
structurally diverse a-amino acids can be prepared from simple precursors 
without cumbersome isolation and handling of the allylboronate reagents. 

Catalytic generation of allylboronates 

In the past decades, allylboronates have been used in a wide array of 
synthetic applications (4). These reagents show a high selectivity in allylation 
reactions with aldehydes (22-24), ketones (25,26) and imines (11,27). Therefore, 
development of mild and selective methods for preparation of fiinctionalized 
allylboronates is highly important (18,28-31). Recently, a versatile catalytic 
protocol to generate allylboronic acids, using allylic alcohol precursors has been 
reported by Szab6 and co-workers (Figure 2) (18). Various substituted allylic 
alcohols (7) were converted to the corresponding allylboronic acids, using 
catalytic amounts of palladium pincer complex 9 and diboronic reagent 8. 
Addition of catalytic amounts of /?-toluenesulfonic acid (10) was shown to 
accelerate the borylation reaction. The regio- and stereoselectivity of these 
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transformations are excellent and the functional group tolerance is high. Both 
linear and branched alcohols gave the trans substituted linear allylboronic acid 
(21). 

R" ^ "OH 
7 

+ 8a or 8b s—* RT v B(OH)2 

DMSO/MeOH 2i 

7 
B - B 

*0 O 

8a 

HO OH 
B - B 

HO OH PhSe-

8b 

S0 3 H 

-Pd—SePh 
1 

CI 

Figure 2. Palladium pincer catalyzed borylation of allylic alcohols. 

Since the allylboronic acids are unstable under solvent-free conditions, they can 
be converted to the corresponding potassium trifluoro(allyl)borates and then 
isolated (18). Alternatively, one-pot reactions can be designed using the above 
method for in situ generation of allylboronates (2i). Accordingly, Szab6 and co
workers (20,32-34) have published several applications using this concept for 
synthesis of homoallylic alcohols and a-amino acids. 

a-Amino acids prepared from allylic alcohols 

It was shown (10) that the mild conditions of the catalytic generation of 
organoboronates (Figure 2) are fully compatible with the reaction conditions of 
the Petasis reaction (1-3). Thus, the synthesis of a-amino acids from allylic 
alcohols could be performed as a sequential one-pot reaction, where the in situ 
generated allylboronic acids were coupled with in situ formed imines (10) 
(Figure 3). 

These operationally simple reactions were conducted under mild conditions 
(typically at 50°C) by mixing allylic alcohol 7, boronate source 8 and catalysts 9 
and 10 in a mixture of DMSO and methanol, then (usually after 16 h) amine 3 
and glyoxylic acid 4 were added and the reaction mixture was stirred 16 hours at 
ambient temperature. The reason for this sequential addition scheme was that 
amine 7 inhibited catalyst 9, and therefore 7 was added to the reaction mixture 
after the catalytic boronation (Figure 2) had been completed (about 16 h). The 
transformations were performed using aryl and benzyl amines (such as 3b and 
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3d), and thus the reaction afforded protected homoallylic amino acids lk-q (eq. 
10-15) with excellent regio- and stereoselectivity. Because of the protection of 
the amino functionality, aza-Cope type rearrangements to the corresponding 
linear forms could be avoided (vide supra). 

0 
DMSO/MeOH 

2) R r NH 2 + HOOC-CH=0 
3 4 

via *B(OH)2 

Figure 3. One-pot synthesis of a-amino acids via transient allylboronates. 

Using the above concept, cinnamyl alcohol 7a was converted to a-amino 
acid lk using pincer-complex catalyst 9 and i/s-pinacolato diboron 8a as 
boronate source, followed by addition of amine 3b and 4. The product (lk) was 
formed with an excellent anti stereochemistry, affording a phenylalanine 
derivative from 7a in good yield. The reaction proceeded via in situ formation of 
cinnamylboronate (2i, R = Ph), which was not isolated (eq. 10). 

Ph 
l k yield 67% 

The reaction starting from 7a readily proceeds with diboronic acid 8b as well. 
Replacement of 3b with aniline, provides the phenyl protected form 11 (eq. 11). 

OH ' 
7 a 2) Ph-NH2 + 4 

3d 

HN 
(11) 
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The alkyl substituted amino acid lm could also be easily prepared, starting from 
octenol 7b (eq. 12) (10). In this one pot procedure, p-methoxyaniline (3e) was 
used as amine component. It was found (70), that the electron donating methoxy 
substituent has a significant accelerating effect on the Petasis reaction. 

3e lm yield 52 % 

Tertiary alcohol 7c could also be employed as precursor for the one-pot 
synthesis of valine analog In (eq. 13). In this reaction, still a single regioisomer 
was formed, indicating that selective formation of a sterically congested 
branched product (such as In) can readily be accomplished by this method. 

2) 3b+4 
COOH 

In yield 60% 

N H 2 

COOH 

L- Valine 

(13) 

Protected hydroxy functionality was also introduced in the amino acid 
derivatives by applying allylic alcohol 7d (10). The boronation (18) of di-allylic 
alcohol derivatives (such as 7d) is particularly fast, and therefore the designated 
homo-serine analog lo can be prepared efficiently under mild conditions (eq. 
14). 

Ph 

/ = \ i)8b/[9]ca/[i0] m Ph 

7d ' ^ V ^ C O O H ( } 

B n ° l o yield 75% 
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An interesting domino reaction can be triggered by using ester fimctionalized 
allylic alcohols 7e-f (eq. 15) as precursors. When ethyl ester derivative 7e was 
reacted under the standard reaction conditions, glutamic acid analogue lp was 
formed with high selectivity and in high yield. However, upon heating, product 
lp underwent lactam formation reaction, affording pyroglutamic acid derivative 
lq. Interestingly, starting from methyl ester derivative 7f, the corresponding 
glutamic acid analogue (lp) could not be isolated, as it underwent spontaneous 
cyclization affording lq as the final product of the process. Accordingly, the 
reaction of 7f, 8b, 3b and 4 triggers a spectacular four-step cascade, which can 
be performed as a one-pot reaction. 

OH l)8b/[9]ca/[10]c 

ROOC 
7e: R=Et 
7f: R=Me 

2) 3b + 4 

Ph 

H N ^ P h 

COOH 
, lp, R=Et 

ROOC ^ yield 78% 

R=Me 

O Ph 

Lactam formation ( V -
Ph 

— 'COOH 
lq yield 80 % 

r ^ ^ C O O H 

HOOC 
L-Glutamic acid 

Mechanistic aspects 

The one-pot synthesis of a-amino acids (1) from allylic alcohols (7) 
involves at least three cooperative processes (Figure 4): borylation of the allylic 
alcohol catalyzed by pincer complex 9 affording allylboronate 2i; in situ 
formation of imine 13 from the corresponding amine (3) and glyoxylic acid 4; 
and finally the coupling of allylboronate 2i with imine 13 to give the final 
product 1. 

Hydroxy groups are very poor leaving groups, therefore 7 have to be 
activated for the catalytic boronation process. A possible way (75) can be the 
esterification of diboronic acid 8b with 7 to give 11. Using pinacolato ester 8a as 
boronate source, the first step can be a partial transesterification of 8a to the 
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corresponding derivative of 11, which is probably catalyzed by the added 
toluenesulfonic acid 10. The exact mechanism of the boronate transfer is not 
known, however considering the mechanism of the analog pincer complex 
catalyzed stannylation reaction (35,36), it is assumed that complex 9a is 
transmetallated by a diboronate species (such as 8b or 11) to give boronate 
complex 9b. Subsequently the boronate group is transferred from palladium to 
the allylic carbon atom of 12 to give 2i. Thereafter, the Petasis sequence starts 
involving the coupling reaction of allylboronate 2i with the in situ formed imine 
13 to yield the a-amino acid product 1. 

/ B ~ B \ 
11 HO v OH 

B - L 
12 HO 

PhSe Pd—SePh 
I 

L 

PhSe Pd—SePh 

R'-NH 2 3 
+ 

HOOC-CH=0 4 

+ B(OH)3 

Figure 4. Schematic mechanism for the allylation of imines with allylic alcohols. 

The mechanism of the imine formation and the addition of organoboronates 
was studied by Hutton and Hansen and their co-workers (37,38). It was proposed 
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that the coordination of the boronic acid to a heteroatom in the aldehyde (such as 
4) is a prerequisite for an efficient coupling reaction. Based on n B - N M R studies, 
Hansen and co-workers (38) suggested formation of a tetra-coordinated boronate 
complex, in which the arylboronic acid coordinates to the hydroxy group of the 
glyoxylic acid. When functionalized allylboronates are used in the Petasis 
reaction, the same selectivity was observed for allylation of imines as in the 
corresponding coupling reaction of allylboronates and aldehydes (4,17). This 
selectivity involves formation of the branched product with anti stereoselectivity 
from allylboronic acids with trans double bond (eq. 9). 

Conclusions and Outlook 

As demonstrated in this chapter, organoboronates are very useful precursors 
for synthesis of functionalized unnatural a-amino acids. The functionalities can 
be introduced via the organoboronate component. As we have shown, certain 
organoboronates, such as allylboronates can be generated in situ in the reaction 
mixture of the Petasis reaction, affording a-amino acids directly from simple 
precursors, such as allylic alcohols (7). Thus, synthesis of a-amino acids via 
catalytic generation of allylboronates (2f-i) is a useful concept with a broad 
synthetic scope. A possible extension of this concept may involve catalytic 
generation of aryl (such as 2d-e) and vinyl (such as 2a-c) boronic acids. In 
particular, catalytic carbon-hydrogen bond based boronation reactions offer an 
attractive approach, as using these reactions, simple precursors (such as hydro
carbons) can be employed for synthesis of a-amino acids in a one-pot sequence. 
In fact, several one -pot procedures are described in the literature (39-43), in 
which the aryl and vinylboronates are generated in situ by carbon-hydrogen bond 
activation. 

Application of the Petasis reaction for synthesis of enantio-pure a-amino 
acids is one of the most important area of interest. These reactions could be 
achieved by employment of phenylglycine (such as in eq. 3) or other chiral 
reaction components (eq. 4). However, the greatest challenge would be 
employment of chiral auxiliaries in catalytic amounts. In this respect, chiral diols 
(44) are probably promising reagents. 

In summary, organoboronate based synthesis grants a simple and highly 
efficient route for preparation of functionalized unnatural a-amino acids. The 
reactions work well with in situ generated organoboronates, which allows 
application of very simple precursors, such as allylic alcohols. Further new 
development is expected in this area and also for design of the asymmetric 
versions of the introduced processes. 
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Chapter 13 

Synthesis of Amino Acid Derivatives via Asymmetric 
Hydrogenation 
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The development of asymmetric hydrogenation en route to α-
amino acid derivatives is outlined with regard to the catalyst 
and substrate scope. The reaction that gives β-amino acid 
derivatives is also addressed as an extension of this tech-
nology. 

Introduction 

Asymmetric hydrogenation to give a-amino acid derivatives has been in the 
vanguard of asymmetric synthesis. In the development of a new ligand, a key 
parameter in asymmetric synthesis, the asymmetric hydrogenation of 
dehydroamino acid derivatives (typically 2-acetamidocinnamic acid and its ester) 
has frequently been used as a benchmark reaction to investigate the initial 
performance. Consequently, many promising systems that give a-amino acid 
derivatives in a highly enantioselective manner have been reported to date (7). 

In general, asymmetric hydrogenation offers several advantages, including 
the use of a clean reducing agent and the low generation of waste, the feasibility 
of a high-density reaction to enable an efficient operation, and a relatively wide 
scope of reaction substrates. Although the number of industrial applications that 
use this reaction has increased (2, J), further expansion seems likely, in light of 
the potential utility of this reaction. Obstacles to such expansion include the cost 
of adopting the catalysis and development time (4). 

Considerable effort has been made to improve the value of asymmetric 
hydrogenation by eliminating these obstacles. This chapter deals with 
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representative examples of these efforts to reduce the cost in terms of the catalyst 
and substrate scope. The former helps to expand the pool of suitable catalysts 
and improve its performance, which directly impact the cost of the reaction. On 
the other hand, the latter should make it possible to apply asymmetric 
hydrogenation to a process in a suitable form, i.e., without additional adjustment 
such as protection/deprotection. The ability to skip redundant steps should help 
to reduce costs. In this chapter, the synthesis of P-amino acid derivatives is also 
addressed as an expansion of substrate scope in a new direction. 

Excellent reviews have been published on other efforts to reduce the cost of 
the catalysis, i.e., on methodologies designed to easily separate and/or reuse 
catalysts, such as recoverable catalysts (i.e. immobilization ) and unconventional 
reaction media (i.e. supercritical C 0 2 and ionic liquid) (5, 6). 

With regard to development time, high-throughput screening (HTS) has 
recently become popular for meeting the demand of chemists, especially those in 
the pharmaceutical industry (7). In this field, the time-to-market pressure has 
become severe, which forces process chemists to identify the best possible 
synthetic route in a shorter period of time. Under such circumstances, the time 
required to identify an optimal condition takes a high priority for asymmetric 
hydrogenation to be regarded as a potential key reaction. A conventional step-
by-step approach with individual reactions can be too slow to meet such a time 
requirement, particularly in a case where there is no close empirical analogy. On 
the other hand, with the HTS system, where typically 96 reactions are carried out 
at a time, parameters such as ligands, catalyst precursors, solvents, and additives 
can be extensively screened quickly within a few days to identify an optimal 
system. In addition to identifying the ligand of choice in a short time, HTS has 
the potential to identify suitable catalyst systems for substrate types that have not 
yet been investigated. Some of the examples in this chapter were identified by 
HTS. 

Progress in Catalyst Parameters 

Chiral Ligands 

A large part of the research on the asymmetric hydrogenation of 
dehydroamino acid derivatives involves the study of chiral ligands. In most 
cases, ligand development was carried out for the use of Rh catalysis. The 
development of chiral ligands was motivated by the need for higher performance 
(selectivity and productivity), easier accessibility and/or the circumvention of 
existing patents. 

Here we provide an overview of some representative ligand types that are 
effective in the asymmetric hydrogenation of dehydroamino acid derivatives, 
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especially those used in Rh catalysis. Excellent reviews provide a detailed 
discussion for each ligand type (8, 9, 10). 

Monodentate Ligands (11, 12) 

The use of chiral monodentate ligands in asymmetric hydrogenation started 
at 1968 when PPh3 of the Wilkinson catalyst (RhCl(PPh3)3) was replaced by 
optically active phosphines (13, 14). In the early stage of its history, a 
considerably high enantioselectivity (88% ee) was achieved in the asymmetric 
hydrogenation of a dehydroamino acid by using a monophosphine ligand, CAMP 
(75). However, monodentate ligands lost their prominent position in ligand 
development with the appearance of bidentate ligands. Although monodentate 
ligands continued to be studied (76), it was not until 2000 that ligands in this 
category were again highlighted. In that year, several groups reported the 
efficiency of BINOL-based phosphorus ligands (phosphonites (1) (77, 18% 
phosphites (2) (19) and phosphoramidites (20)) in the Rh-catalyzed asymmetric 
hydrogenation, to give excellent enantioselectivities comparable to bidentate 
counterparts. In a kinetic study, monodentate ligands showed rates comparable 
to DuPHOS, a representative bidentate ligand (27). 

Many of these ligands can be prepared easily, which promoted their 
modification. In the case of MonoPHOS ligands, modification of the amine 
moiety is effective. For example, in many cases, ligands bearing piperidine 
(PipPHOS) give higher enantioselectivity than the parent MonoPHOS ligand 
(22). Meanwhile, various modifications of the diol moiety have been 
implemented to achieve higher performance. Representative examples are H 8 -
MonoPHOS (23) and SIPHOS (24). A later study showed that the diol moiety is 
not necessary for high enantioselectivity; ligands derived from catecol and 
optically active amine such as ligand 3 also give the products with high optical 
purity (25) (Figure 1). 

Although the optimal ligand tends to vary with the substrate, this can be 
overcome by HTS, which identifies the ligand of choice in a short period of time 
(26, 27). 

Bidentate Ligands 

Since DIOP, the first ligand in this category, was reported (28), it has 
become generally recognized that C 2 symmetry and a bidentate property are the 
key to success in ligand development, and this has inspired researchers to design 
and synthesize various chiral bidentate ligands. Bidentate ligands can be 
classified into several categories. 
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H8-MonoPHOS SIPHOS-Me 3 

Figure 1. Monodentate ligands. 

DIPAMP-Type Ligands (P-Chiral Ligands) (29) 

Soon after the concept of C2-symmetric bidentate ligands was reported, 
Knowles synthesized DIPAMP (30). It was revealed that the bidentate ligand 
gave higher enantioselectivity than the corresponding monodentate ligands. This 
success led to the L-Dopa process, the first industrial application to use 
asymmetric hydrogenation (J/). 

P-chiral ligands are attractive in the sense that we can expect high 
enantioselectivity by having chirality on the phosphorus atom, the closest 
position to the reaction center (metal atom) in the complex. However the 
development of this ligand type was slow, presumably due to the difficulty of its 
synthesis. A renaissance of P-chiral ligands was initiated by Imamoto, who 
reported BisP* (32). Since then, a variety of P-chiral ligands have been reported, 
such as MiniPHOS (33). Many ligands of this type are trialkylphosphine-type, 
which are sensitive to air. They are easier to handle when converted to the 
corresponding salts (34). Recently, it was discovered that the introduction of a 
quinoxaline backbone (Quinox P*) made the ligand stable in air while 
maintaining high chiral-recognition ability (55). 

Other effective P-chiral ligands in the asymmetric hydrogenation of dehydro 
aminoacid derivatives include TangPhos (36), DuanPHOS (57), DisquareP* (38), 
and BIPNOR (39) (Figure 2). 
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BisP* MiniPHOS 

M e - p p.»\f-Bu 

t-B\i Me 

QuinoxP* 

TangPhos DuanPhos DiSquareP* BIPNOR 

Figure 2. DIP A MP-type ligands. 

BINAP-Type Ligands (40) 

The first application of BINAP, the landmark ligand in a wide array of 
asymmetric synthesis, was the Rh-catalyzed asymmetric hydrogenation of 
dehydroamino acids and their esters (41). However, parent ligands with biaryl 
frameworks (with PPh2 appendages) often fail to give high enantioselectivity in 
the reaction of acylated dehydroamino acid esters. Promising ligands with a 
biaryl backbone are those with dialkylphosphino appendages, such as BICHEP 
(42) . Those which introduce substituents at the 3,3'-position are also attractive 
(43) . For example, o-Ph-MeO-BIPHEP gave 98% ee in the asymmetric 
hydrogenation of methyl 2-acetamidocinnamate, while the parent MeO-BIPHEP 
gave 21% ee under identical conditions. Alternatively, the use of 
biheteroaromatic TMBTP reportedly gave high enantioselectivity (44) (Figure 3). 

DuPHOS-Type Ligands (45) 

DuPHOS and BPE (46) developed by Burk, are landmarks in this field. 
These ligands generally give a wide array of natural and unnatural amino acid 
derivatives with high optical purity (4 7). Catalytic activity is quite high and in 
some cases reaches a turnover number (TON) of 50,000. 

The success of these hyperactive ligands ignited the extensive development 
of their descendants. In the early stage, the comparatively difficult availability 
of the corresponding 1,4-diol precursor led to the design of alternative ligands 
derived from easily available Mannitol. RoPHOS (48), KetalPHOS (49) and 
BASPHOS (50) are among these ligands. A 2,5-diaryl phospholane version of 
BPE, Ph-BPE, was recently reported to give higher enantioselectivity than the 
parent alkyl-counterparts (51). Variation of the backbone has also been carried 
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" P P h 2 

„PPh 2 

BINAP 

p C y 2 MeO 
p C y 2 MeO 

BICHEP R = H: MeO-BIPHEP 
Ph: o-Ph-MeO-BIPHEP 

" P P h 2 

. P P h 2 

s-

TMBTP 

Figure 3. BINAP-type ligands. 

out (Figure 4). UIluPHOS, with a thiophene backbone, has a geometry similar to 
that of DuPHOS, but has greater electronic availability, and provides a 
qualitatively faster reaction than DuPHOS (52). CaMSium M (MalPHOS) has a 
wider bite angle than Me-DuPHOS, and gives higher performance in some cases 
(53). Me-f-KetalPHOS, which shows high catalyst productivity, is also 
promising (54). 

R = Me: Me-DuPHOS R = Me: Me-BPE RoPHOS KetalPHOS 
Et: Et-DuPHOS Ph: Ph-BPE 
n-Pr: Pr-DuPHOS 

BASPHOS UIluPHOS catASium M Me-f-KetalPHOS 

Figure 4. DuPHOS-type ligands. 

Other phosphacycle ligands inspired by DuPHOS, such as ligand 4 (55), iPr-
BeePHOS (56), and Me-FerroTANE (57), have also been reported (Figure 5). 

Josiphos-Type Ligands (58) 

The Josiphos family is one of the largest ligand libraries (59). Its 
modifications with various appendages can be easily prepared stereospecifically 
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a . Bn 

Bn 

6 

i-Pr 

Fe » 

4 iPr-BeePHOS Me-FerroTANE 

Figure 5. Other Phosphacycle ligands. 

from an identical intermediate, which provides wide screening options. Success 
with the Josiphos family has led to other ferrocene-based diphosphine ligand 
families, including Taniaphos (60), Walphos (61) and Mandyphos (62). Many 
ligands in these families show promise in the asymmetric hydrogenation of 
dehydroamino acid derivatives. TRAP, a trans chelating ligand (63), is also an 
effective ligand in this reaction (Figure 6). 

R 2 P " Fe " \ 

R = Ph , R' = Cy: Josiphos Taniaphos 

N M e 2 

RoP 

Ph 
Ph 

6 R ' 2 P 

MandyPHOS 

R 2 P V ° 

vPR'2 

Walphos 

,vPR2 

T R A P R, R' = alkyl, aryl, heteroaryl 

Figure 6. Josiphos-type ligands. 

DIOP-Type Ligands (Including Bisphosphine Ligands with Other Chiral 
Backbones) (64) 

As previously noted, DIOP offered several guidelines for subsequent ligand 
development (28). These included the introduction of a chiral backbone, which 
made synthesis of chiral ligands much easier. 

Since DIOP, numerous other ligands with diversified backbones, which are 
effective in a-amino acid synthesis by asymmetric hydrogenation, have been 
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DIOP BDPP Norphos Pyrphos 
(Deguphos) 

^ P h 

BICP 

Ph 

P P h 2 

P P h 2 

PHANEPHOS Ph-o-NAPHOS 

Figure 7. Ligands with various chiral backbones. 

reported. Representative examples include BDPP (65), Norphos (66), Pyrphos 
(67), BICP (68), PHANEPHOS (69), and Ph-o-NaPHOS (70) (Figure 7). 

Bisphosphine Ligands Based on Self-Assembly. 

A new category of bidentate ligands based on self-assembly through 
hydrogen bonding or coordination bonding has recently been developed (71), 
and some have been applied to the asymmetric hydrogenation of dehydroamino 
acid derivatives. A representative example is depicted in Figure 8. An adenine-
thymine base pair analogue was used for the scaffold of the bidentate ligand, 
which enabled the selective formation of heterodimeric ligands. With m 
aminopyridine ligands and n isoquinolone ligands, the screening of (m x n) 
combinations was feasible, and this could identify the ligand that gave ultimate 
enantioselectivity in the asymmetric hydrogenation of 2-acetamidoacrylate (72). 

Ligands Other Than Bisphosphine (73) 

Diphosphorus ligands other than diphosphine ligands also form a large 
category of bidentate ligands. Many ligands can be prepared from readily 
available diols, amino alcohols and diamines. These ligands have been applied 
to the asymmetric hydrogenation of dehydroamino acid derivatives, and give 
moderate to excellent enantioselectivities. 

Backbones similar to those for diphosphine ligands are frequently adopted. 
Some representative examples are depicted in Figure 9 (BoPhoz (74), Ph-<9-
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m monomers 

m x n combinations 
n monomers 

R 1 , R 2, R 3 , R 4 = Aryl, Alkyl, Aryloxy 

Figure 8. Bidentate ligands with hydrogen bonding 

nBu-QUINAPHOS 

Figure 9. Ligands other than bisphosphine. 

BINAPO (70) BDPAB (75), «Bu-QUINAPHOS (76), DPAMPP (77), spirOP 
(78)). 

Ligands derived from carbohydrates are advantageous in the sense that 
highly fimctionalized chirality can be introduced without optical resolution (79). 
A representative example is a series of ligands 5 derived from D-glucose (80, 81, 
82). An extensive study on the phosphorus appendage showed that high electron 
density on the phosphorus atom was essential for high enantioselectivity in the 
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asymmetric hydrogenation of methyl 2-acetamido cinnamate. Enantio-
selectivities under identical conditions are shown in the Figure 10. 

Although this ligand-type sometimes has a limitation that only one 
enantiomer is readily accessible, this can be overcome in part by designing its 
pseudo-enantiomers (82). For example, ligand 6 gives a product with an 
opposite configuration to 5 in high enantioselectivity. 

As other ligands in this category, ligands derived from D-mannitol 
(DIMOP) (83) and trehalose (Ligand 7) (84) have been reported to give high 
enantioselectivities. 

P h ^ V O 
o -

Ar 2 P 
Ar?P 

Ar = 3,5-di(Me3Si)-Ph: 99% ee 
3,5-diMe-Ph: 97% ee 
Ph: 90% ee 
4-F-Ph: 81% ee 
4-CF 3 .Ph: 2% ee 

A r 2 P - 0 ( 

A r 2 P " 

OBz 

BzOl 
OMe 

o„S V-o 

d o 
\ / 

Ph 2 P P P h 2 

DIMOP 

Figure 10. Ligands derived from carbohydrates. 

Recent studies have shown that the chiral ligand need not necessarily be a 
diphosphorus ligand. Mixed phosphorus/sulfur ligands 8 and 9 (85) as well as a 
phosphorus/carbene ligand 10 (86) are effective ligands that give high 
enantioselectivities (Figure 11). 

Metal Precursors 

In contrast to the diversity in chiral ligands, the variation in metal precursors 
is rather limited. Most examples of Rh-catalyzed asymmetric hydrogenation 

Figure 11. Mixed ligands. 
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have used cationic [Rh(cod)2]+ or [Rh(nbd)2] + as a catalyst precursor, although a 
chiral ligand was prepared from the Wilkinson catalyst in the very early stage. 

In some cases, [Rh(nbd)2]+ gave a faster reaction than [Rh(cod)2]+ due to a 
shorter induction time (87, 88), while this difference reportedly became 
insignificant at lower catalyst loading (89). 

Catalysts other than Rh-catalysis can also be used in asymmetric 
hydrogenation, but there are far fewer examples. Some Ru complexes associated 
with biaryl diphosphine ligands give high enantioselectivities in the asymmetric 
hydrogenation of acylated dehydroamino acid derivatives (90, 91, 92). A Ru 
complex generally gives the opposite enantiomer compare to its Rh counterpart 
when an identical chiral ligand is used (93). It has been suggested that Ru 
catalysis proceeds via a fundamentally different mechanism than Rh catalysis: 
Ru uses a monohydride mechanism (94, 95) whereas Rh uses a dihydride 
mechanism (96, 97). Ir catalysts ligated by a monodentate ligand (98), a mixed 
P/N (99), P/P (100) or P/carbene (101) ligand give high to excellent 
enantioselectivties. The reaction with Co catalysts has also been reported, albeit 
with low enantioselectivity (102). 

Approaches Toward a-Amino Acid Derivatives 

Dehydroamino Acids 

Many examples of asymmetric hydrogenation of the acylated dehydroamino 
acid derivatives have been reported in the literature. Most of the Rh complexes 
bearing a chiral ligand discussed above give high enantioselectivity of more than 
95% ee in the reaction of 2-acetamidocinnamic acid and its ester (Figure 12). 
With some ligands, such as DuPHOS (47), TangPhos (36), DuanPHOS (37), 
DiSquareP* (38), Me-f-KetalPHOS (54), Mandyphos (62) and BoPhoz (74), 
catalyst productivity (TON) exceeds 10,000. Detailed data have been provided 
in recent reviews (/). Here, we address the scope of the dehydroamino acid 
substrate. 

C 0 2 R 
H 2 

Rh-L* C 0 2 R 

N H A c N H A c 

R = H, Alky l >95% ee 

Figure 12. Asymmetric hydrogenation of 2-acetamidocinnamic acid and its ester. 

  
 



214 

Substituents at the j3-Position 

Generally, asymmetric hydrogenation tolerates a variety of substituents at 
the P-position. With DuPHOS-Rh complex, for example, substrates with aryl, 
heteroaryl (thienyl, furyl, pyrolyl, etc.) and alkyl substituents are hydrogenated 
with high enantioselectivity (usually >95% ee) (45, 103) (Figure 13). 

x = F, CI, Br 

Xy NHAc 

C 0 2 M e C 0 2 M e 

NHAc 

C 0 2 M e 

NHAc 

C 0 2 M e 

NHAc 

C 0 2 M e 

NHAc 

^ X 0 2 M e 

(__/ N B z 

Figure 13. Substrates with substituents at the /3-position. 

The geometry of trisubstituted dehydroamino acid derivatives may strongly 
affect the reaction rate and selectivity. In extreme cases (i.e. Rh-BINAP 
complex), the reaction of (£)-substrate gives enantioselectivity opposite to that 
of its (Z)-counterpart (93). In such cases, it is necessary to prepare geometrically 
pure substrate by including a separation step. However, ligands such as 
DuPHOS overcome this situation: (E) and (Z) substrates give the identical 
configuration, both in high enantioselectivity (47). This phenomena makes it 
possible to use a mixture of (E)- and (Z)-isomers as a substrate for hydrogenation, 
thus avoiding tedious separation (Figure 14). 

^ \ ^ C 0 2 M e 

RHAc 

99.6% ee (R) 

^^C02Me 

RlHAc 

99.4% ee (R) 

H 2 

C 0 2 M e Rh-(R,f?)-Pr-DuPHOS 

NHAc 

(Z)-substrate 

H 2 

^C0 2 Me Rh-(/?,fl)-Pr-DuPHOS 

NHAc 

(£)-substrate 

Figure 14. Asymmetric hydrogenation of (E)- and (Z)-substrates. 
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For some substrates, "tricks" are necessary to carry out the reaction. In Rh-
DuPHOS-mediated asymmetric hydrogenation of a substrate with a 2-quinolyl 
group at the P-position, the addition of tetrafluoroboric acid was effective for 
overcoming the presumed catalyst inhibition by nitrogen atom (104). Although 
the substrate with a 2-pyridyl moiety was not hydrogenated in the presence of 
acid, the corresponding pyridine oxide was hydrogenated with high 
enantioselectivity (105) (Figure 15). 

On the other hand, a substrate with a 6-methyl-2-pyridyI group was 
hydrogenated without any additives (104). For 3-pyridyl and 4-pyridyl sub
strates, the reaction in the presence of HBF 4 proceeded in good 
enantioselectivity with Rh-PROPRAPHOS complex (106). 

Figure 15. Hydrogenated compounds of quinoly- andpyridyl-type substrates. 

For dehydroamino acid derivatives with another alkene site, Rh-DuPHOS 
predominantly hydrogenates the enamide moiety, although a longer reaction time 
results in the generation of overreduced product. With ot,y-dienamide ester, only 
the Rh-Et-Duphos system can give excellent chemoselectivity (>98%) among 
those screened (107) (Figure 16). 

Figure 16. Asymmetric hydrogenation of an aff-dienamide ester. 

Dehydroamino acid derivatives with two substituents, i.e., tetrasubstituted 
olefins, are challenging substrates. 

Whereas Et-DuPHOS resulted in moderate enantioselection, Me-DuPHOS 
and Me-DPE generally give hydrogenated products with excellent optical 
purities (108) (Figure 17). TRAP (63), BisP* (32), PHANEPHOS (109) and 
mixed phosphorus/sulfur ligand (85) have also been reported to be effective with 
this type of substrate. 

HBF 4 
0 

L* = Et-DuPHOS: 200 (99% ee) : 1 
Me-DuPHOS: 25 (97% ee) : 1 
DIPAMP: 2 (90% ee) : 1 
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C 0 2 M e Ok/C0 2 Me CX^CC^Me k^/k^CC^Me 
NHAc lHAc NHAc NHAc 

Figure 17. Hydrogenated compounds of tetrasubstituted olefins. 

When the two p-substituents are different, diastereoselectivity is controlled 
by the geometry of the substrate, which provides a protocol for preparing four 
possible isomers through the proper choice of ligand and substrate (108, 110) 
(Figure 18). 

H 2 

C 0 2 M e Rh- (R,R) -Me-BPE 

NHAc 
(Z)-substrate 

C 0 2 M e 

NHAc 

(£)-substrate 

H 2 

Rh-(R, f l ) -Me-BPE 

\ > ^ C 0 2 M e 

FlHAc 

98 .2% ee (2R, 3S) 

C 0 2 M e 

NHAc 

98.3% ee (2R, 3R) 

Figure 18. Asymmetric hydrogenation of substrates with two different fi-
substituents. 

Amino Protective Groups 

In most cases, acyl groups such as acetyl and benzoyl groups are used for 
the jV-protecting group. Although the asymmetric hydrogenation of an acylated 
dehydroamino acid derivative shows promise, the desired targets often require 
another amino protecting group. In such cases, a protection/deprotection step is 
necessary. In some cases the hydrogenated target does not tolerate acidic 
conditions. For such cases, a milder condition for deprotection using a 
biocatalyst has been reported (///). However, multiple reaction steps remain an 
intrinsic disadvantage. 

In response to this problem, efforts have been made to hydrogenate a variety 
of jV-protected dehydroamino acid derivatives to best suit the process. It has 
been shown that Boc and Cbz groups give comparable performances, which 
enhances the synthetic value of the reaction (103). These protecting groups can 
be easily deprotected compared to acyl groups. 
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The scope of asymmetric hydrogenation has been expanded to N~ 
sulfonylated dehydroamino acids. A high-throughput screening (HTS) system 
was a powerful tool for identifying the rather unusual combination of Ru and 
Josiphos, which gives the desired sulfonamide in 97% ee (112,113) (Figure 19). 

9 7 % ee 

Figure 19. Asymmetric hydrogenation of an N-sulfonylated dehydroamino acid. 

The asymmetric hydrogenation of unsaturated ureas was recently reported. 
In this case, the reaction with a Rh complex ligated by chiral 
phosphinoimidazoline ligand gave high enantioselectivity of >99% ee (114) 
(Figure 20). 

O^J H 

Ph 

Figure 20. Asymmetric hydrogenation of an unsaturated ureas. 

>99% ee 

N-Aryl amino acids sometimes become target compounds. During the study 
of chiral switch of an herbicide, (S)-metolachlor, N-aryl enamide was subjected 
to asymmetric hydrogenation in the presence of Rh complex. Under the optimal 
conditions, the Rh-DuPHOS complex gave extremely high productivity (TON 
50,000) as well as high enantioselectivity (96% ee) (115) (Figure 21). 
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^ X 0 2 M e H s . X 0 2 M e 

\ I Rh- (R,R) -Me-DuPHOS f I 

M e ° ^ Y | ~ M e 0 ^ l j 
0 > ^ TON = 50,000 0 > ^ 

9 6 % ee 

Figure 21. Asymmetric hydrogenation of an N-aryl enamide. 

Imines / Including Reductive Amination 

Fewer studies have been made on the asymmetric hydrogenation of imines 
to access a-amino acids. 

A Rh-Et-DuPHOS complex can hydrogenate a variety of N-acyl hydrazone 
compounds with high enantioselectivity. The obtained oc-hydrazino acid derivatives 
can be transformed to the corresponding a-amino acids (116) (Figure 22). 

H 2 

^ ^ C 0 2 M e R h _ ( R f R ) . E t - D u P H O S x ^ y - C O z M e ^ ^ ^ C 0 2 M e 

% H B z * H N ^ N H B z N H 2 

9 1 % ee 

Figure 22. Asymmetric hydrogenation of an N-acyl hydrazone compound. 

Recently, it was reported that a Pd-BINAP compound was an effective 
catalyst in the asymmetric hydrogenation of a-fluorinated iminoesters. With 
fluorinated alcohol as a solvent, the catalyst gave improved enantioselectivity up 
to 91% ee(//7) (Figure 23). 

H 2 F 3 C ^ C 0 2 E t 
Pd-BINAP t H * 

C F 3 C H 2 O H 

OMe ^ O M e 

9 1 % ee 

Figure 23. Asymmetric hydrogenation of an a-fluorinated iminoester. 

The asymmetric hydrogenation of oximes has also been reported using Ir-
DPAMPP complexes. Enantioselectivity exceeded 90% ee in some cases, but 
with low conversion (118). 
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Direct reductive amination is a reaction in which an a-amino acid can be 
obtained in one pot by asymmetric hydrogenation of the corresponding ketoester 
and an amine. The reaction remains challenging, although it has a potential 
advantage of reducing the reaction steps to the ultimate level in amino acid 
synthesis. A recent study with high-throughput screening shed some light on the 
reaction. Screening of 96 phosphorus ligands revealed that Norphos and 
Deguphos were ligands of choice that afforded high enantioselectivities when 
benzylamine and phenylpyruvic acid were used as substrates (119) (Figure 24). 

Dynamic Kinetic Resolution 

Asymmetric hydrogenation of a-amino-P-ketoesters accompanied by 
dynamic kinetic resolution is a powerful tool for accessing a-amino acid 
derivatives bearing a hydroxyl group at the P-position. Ru (120, 121,122), Ir 
(123) and Rh (124) catalysts associated with a biaryl ligand, such as BINAP, 
gave virtually one isomer out of four possibilities. The readers will find more 
details in other chapters of this book. 

Expansion of the Scope to P-Amino Acid Derivatives 

Here we discuss asymmetric hydrogenation en route to P-amino acid 
derivatives, as an extension of this technology. P-Amino acid derivatives are 
attracting attentions as chiral building blocks, especially in pharmaceutical 
industry (125 ). The asymmetric hydrogenation acylated dehydro-P-amino acid 
derivatives were reported after that of acylated dehydro-a-amino acid (126). In 
general, there is a gap between the (£)-isomer and its (Z)-counterpart in terms of 
enantioselectivity and reaction rate: the (£)-isomer reacts faster and shows 
higher enantioselectivity than the (Z)-isomer. This phenomenon is undesirable 
because the isomers will need to be separated to give high enantioselectivity. 
This problem was solved in part by the use of Rh-Tangphos complex, which 
gives high enantioselectivities for both enantiomers, and enables the use of an 
(E/Z) mixture as a substrate (127) (Figure 25). 

H 2 

98% ee 

Figure 24. Direct reductive amination. 
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H 2 

NHAc Rh-(S,S,R,f?)-TangPhos ^ H A c 

- k ^ C 0 2 M e ^ A ^ C O j M e 

E/ Z mixture 99.5% ee 

Figure 25. Asymmetric hydrogenation of an acylated de hydro- J3- am ino acid 
derivatives. 

A recent breakthrough in this area is asymmetric hydrogenation of 
unprotected dehydro-P-amino acid derivatives. It was reported that a Rh-
Josiphos (128) (Figure 26) and Ru-DM-SEGPHOS (129) could hydrogenate 
dehydro-p-amino esters in a highly enantioselective fashion. This methodology 
makes it possible to avoid both the separation of regioisomers and 
protection/deprotection of the acetyl group. 

N H 2 N H 2 

^ A ^ C 0 2 M e - ^Y^-°°2Me 

KjJ 5̂ S? *P(*-Bu)2 l^J 
V . . . (4 -CF3-Ph) 2 P -FT\ 

L • — x 9 6 % ee 

Figure 26. Asymmetric hydrogenation of unprotected dehydro-fi-amino acid 
derivatives. 

Direct reductive amination has been reported more recently. Exposition of a 
P-ketoester to asymmetric hydrogenation in the presence of ammonium acetate, 
acetic acid and a Ru-DM-SEGPHOS complex directly gave the corresponding P-
amino ester in high enantioselectivity. With this protocol, a variety of P-
aminoesters can be obtained in high optical purities (129) (Figure 27). 

Concluding Remarks 

Thousands of developments have been made to improve asymmetric 
hydrogenation. Most of this effort was directed toward making chiral ligands. 
As a result, a large library of chiral ligands, i.e., a powerful toolbox for tackling 
asymmetric hydrogenation, has been established. Thanks to this resource, the 
availability of catalysts and the performance of the reaction have been greatly 
improved. Additional efforts to expand the substrate scope, which was once 
rather limited to acylated dehydroamino acid derivatives, have provided new 
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Figure 27. Direct reductive amination. 

options in the application of asymmetric hydrogenation. With more options 
regarding the substrate type, it has become much easier for process chemists to 
fit asymmetric hydrogenation into their processes without redundancy. 

These efforts, together with high-throughput screening, have helped to 
overcome obstacles in industrial application (i.e. the cost of adopting the 
catalysis and development time), which improved the value of asymmetric 
hydrogenation and inspires new development efforts. Thanks to this virtuous 
cycle, asymmetric hydrogenation will surely continue to evolve as a practical 
protocol. It will be interesting to see how this reaction changes in the future. 
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Chapter 14 

Stereoselective Synthesis of anti-β-Hydroxy-α-Amino 
Acids Using anti-Selective Asymmetric 

Hydrogenation 

Yasumasa Hamada and Kazuishi Makino 

Graduate School of Pharmaceutical Sciences, Chiba University, Yayoi-cho, 
Inage-ku, Chiba 263-8522, Japan 

anti-β-Hydroxy-α-amino acids are efficiently synthesized from 
chirally labile α-amino-β-keto esters using ruthenium- and 
iridium-catalyzed asymmetric hydrogenation through dynamic 
kinetic resolution, which is capable of the stereocontrolled 
construction of two consecutive stereocenters at one reaction. 

Introduction 

P-Hydroxy-oc-amino acids with syn or anti stereochemistry are common 
structural units widely found as a component of biologically active natural 
products, especially cyclodepsipeptides (7). Their importance and usefulness as 
building blocks for synthesis of natural products and medicines have prompted a 
search for better methods in the stereocontrolled construction of two consecutive 
stereocenters (2). We have been working on total synthesis of naturally occurring 
cyclodepsipeptides with biologically interesting activities. In this research we 
needed an efficient synthesis of a«//-P-hydroxy-a-amino acids. Although to date 
various methods for synthesis of a«//'-P-hydroxy-a-amino acids have been 
reported and are roughly classified into asymmetric aldol reactions in a 
diastereoselective or enantioselective manner (5), diastereoselective synthesis 
from the Garner aldehyde (4), enantioselective synthesis using Sharpless 
asymmetric dihydroxylation as a key step (5), and etc (6) as shown in Figure 1, 
these methods need long reaction steps and/or contain tedious operation. Simple 
and straightforward synthesis of an//-p-hydroxy-a-amino acids still remains to 
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be developed. In our efforts on synthesis of a«r/-P-hydroxy-a-amino acids, we 
have found new and efficient asymmetric hydrogenation. In this article we focus 
on our developed diastereo- and enantioselective synthesis of aw//-P-hydroxy-cx-
amino acids using asymmetric hydrogenation through dynamic kinetic 
resolution. 

" A 
O Boc 

Garner aldehyde diastereoselective aldol 
enantioselective aldol 

o Jl 

diastereoselective 
alkylation 

R ^ H 

OH O 

X = CI, Br 
N=CAr 2 , etc 

FT Y " O H 

N H 2 

anf/-p-hydroxy-a-amino acid 

Sharpless AD 

O 

OEt 

OH O 

A A , OEt 

diastereoselective 
hydrazination 

intramolecular 
allylic alkylation 

OH 

J-Pr 

OH 

Figure 1. Literature procedures for anti-P-hydroxy-a-amino acids 

Synthesis of aifft-P-Hydroxy-a-Amino Acids using Noyori 
Asymmetric Hydrogenation 

The dynamic kinetic resolution (DKR) (7) in the asymmetric hydrogenation 
of racemic ketones is an efficient method for obtaining theoretically optically 
pure alcohols from racemic ketones in 100% yield, which was reported by 
Noyori and coworkers for the first time (#). Especially, asymmetric 
hydrogenation of a-substituted-P-ketoesters via DKR is an excellent procedure 
with the ability to construct two adjacent stereocenters in a stereocontrolled 
fashion at one reaction. Noyori and coworkers reported the highly stereoselective 
synthesis of sjw-P-hydroxy-cc-amino acids from chirally labile oc-acylamino-P-
ketoesters using this method. At the beginning of our study, we synthesized all 
four stereoisomers of 3-hydroxyleucine using the Noyori method (9). This 
method is efficient for obtaining sjw-P-hydroxy-a-amino acids, but for anti-$-
hydroxy-a-amino acids it has a substantial disadvantage that one more step for 
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the inversion of the C3 stereocenter is needed. Therefore, we focussed on a 
direct and straightforward construction of a«//-P-hydroxy-a-amino acids by 
asymmetric hydrogenation via DKR. 

syn-selective 
hydrogenation 

R' = acyl 

OR 
NHR' 

R' = H 

Direct anti-selective 
hydrogenation 

Ru 
0 6 

OR 
NH-acyl 

6-membered cyclic 
transition state 

^~Ru 

NH 2 

C0 2 R 
4 

5-membered cyclic 
transition state 

OH O 

"OR 
FlH-acyl 

syn-3 
Noyori's method 

OH 0 

OR 
NH 2 

anti-Z 

Figure 2. Direct anti-Selective Hydrogenation 

As shown in Figure 2, we envisioned hydrogenation via the 5-membered 
cyclic transition state 4 using the 2-amino substituent of a-amino-P-keto ester 1 
as a directing group, which would directly produce aAtf/-P-hydroxy-a-amino acid 
ester in place of the syn product generated via the 6-membered cyclic transition 
state 2 (10). In fact, asymmetric hydrogenation of cc-amino-P-ketoester 
hydrochloride 5 with Ru-(5)-BINAP in methanol at 50°C for 48 h gave anti-$-
hydroxy-ot-amino acid ester 6 in almost perfect diastereoselectivity and moderate 
enantioselectivity (Table 1, entry 1). With this encouraging result in hand, we 
extensively surveyed the optimized conditions for the ^/-selective 
hydrogenation with high enantioselectivity. Methylene chloride is the solvent of 
choice for the enantioselectivity and isopropanol and «-propanol also give 
satisfactory results. The ester function affected the chemical yield due to low 
solubility of the starting hydrochloride salt. Finally, benzyl ester was most 
effective in terms of chemical yield and enantioselectivity (entry 2). 

This method was then applied to various substrates to clarify the generality 
of the hydrogenation. The starting a-amino-P-keto ester hydrochlorides were 
easily prepared by the following four methods: (1) acid hydrolysis of 4-
alkoxycarbonyloxazoles derived from carboxylic anhydrides and isocyanoacetic 
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o o 

Table I. ̂ /-Selective Hydrogenation through DKR 

O HoMOOatrrrt OH O O H O 

O R ' 

H 2 (100 atm) 
2 [ R U C I 2(^) -b'nap](dmf) n 

5 NH 2 -HCI 
solvent, 50 °C, 48 h 6 

O R 

NH 2 -HCI 

BzCI, T E A 
2 ^ R 

THF, rt, 1 h 
O R ' 

NHBz 

entry R1 R2 solvent yield [%] anti:syn eef%f 

1 Pr Me MeOH 71 99:1 56 

2 Pr Bn C H 2 C I 2 87 >99:1 96 
3 cyclobutyl Bn nPrOH 92 83:17 81 
4 cyclopentyl Bn nPrOH 85 97.5:2.5 95 
5 cyclohexyl Bn C H 2 C I 2 85 >99:1 97 

6 cycloheptyl Bn nPrOH 86 97:3 97 
7b nPr Bn nPrOH 76 97:3 91 

8 tBu Bn nPrOH 89 96:4 79 
9 C cyclohexyl Me C H 2 C I 2 92 98:2 95 

a Va lue o f the <3/?//'-amino acid ester. 
( / ? ) - M e O - B I P H E P was used at room temperature. 

c The reaction was carried out by using 0.4 mol catalyst under 30 atm hydrogen 
pressure. 

acid esters, (2) base-mediated N-C acyl migration of N-Z-butoxycarbonyl-N-
acylglycine esters and then acid deprotection (//), and (3) acylation of the 
benzophenone ketimine derived from a glycine ester in the presence of a strong 
base followed by acid hydrolysis (72), (4) acylation of acylaminomalonic acid 
half ester and then deprotection (13). Under our reaction conditions, the 
substrates with a secondary alkyl group, cyclobutyl, cyclopentyl, cyclohexyl, or 
cycloheptyl substituent, at the a-position of the ketone carbonyl group were the 
most suitable ones and afforded the anti products with high diastereo- and 
enantioselectivities in excellent chemical yields (entry 3-6). Furthermore, it was 
found that the hydrogenation of the cyclohexyl substrate was completed in 6 h 
even with a substrate/catalyst ratio of 250 under 30 atm of hydrogen (entry 9). 
(2/?,3/?)-Cyclohexyl P-hydroxy-cc-amino acid obtained by the asymmetric 
hydrogenation is an important intermediate of the anti-HIV substance 
(GW873140/ONO-4128) with CCR5 antagonist activity. In the case of the n-
alkyl substrate at the C 4 position, MeO-BIPHEP in place of BINAP was used 
due to improving the stereoselectivity (entry 7). The hydrogenation of the /-Bu 
substrate was carried out in /7-propanol to give the product in 89% yield and 
79% ee with 96:4 diastereoselectivity (entry 8). 

A few month later, Genet and coworkers have reported o?tf/-selective 
asymmetric hydrogenation using the Ru catalyst (14). This method is essentially 
same to our aw//-selective asymmetric hydrogenation. Then, they have applied 
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this hydrogenation as a key step to a stereoselective synthesis of sulfobacin A 
(Figure 3) (15). Zhang and coworkers have reported an example of a«//-selective 
hydrogenation of the a-phthalimino-P-keto ester (16). 

^ 3 steps 1 1 1 2 s t e P s 

B r ^ O H . ^ > C ^ O M e ^ T i o Y X ° M e 

1 0 NH 2 -HCI 

H 2 ( 1 2 b a r ) , O H O ! O H 
[RuBr 2((S)-synphos)J I f if 5 s t e p s 

C „ S r ,,0:,, « - = H ! . - ^ ^ « * 

anti/syn = 96/4 
92%ee 0 O H 1 

sulfobacin A 

Figure 3. Synthesis of Sulfobacin A by Genet et al. 

Synthesis of anti p-Hydroxy-a-Amino Acids using Chiral 
Iridium Catalysts 

First-generation Ir Catalyst 

In the case of R = alkyl, the asymmetric hydrogenation using the Ru-axially 
chiral phosphine smoothly proceeds to afford an tf>tf/-P-hydroxy-a-amino acid 
ester with excellent diastereomeric and enantiomeric purity. However, when R 
is phenyl group, slow reaction and no enantioselectivity were observed. In order 
to overcome the difficulty, we briefly surveyed transition metals for the anti-
selective asymmetric hydrogenation of the a-amino-P-keto ester 7, as shown in 
Table II. Interestingly, in addition to the known ruthenium catalyst, rhodium 
(Rh) and iridium (Ir) proved to be excellent catalysts for highly a/tf/-selective 
hydrogenation through DKR (entries 1-3) (17,18,19). Especially, the Ir catalyst 
was the promising candidate for the asymmetric hydrogenation of the a-amino-
P-keto ester (entry 3). Therefore, we carried out optimization of the Ir-catalyzed 
a«f/-selective asymmetric hydrogenation. 

The procedure for preparation of the catalyst was critical for its catalytic 
activities. The most active catalyst was made prior to the hydrogenation by 
mixing [Ir(cod)Cl]2 with BINAP in methylene chloride at 23°C for 10 min. 
Acetic acid was the solvent of choice for the diastereoselectivity (Table III, entry 
1). The presence of sodium acetate affected the enantioselectivity dramatically 
(entry 2). Among several chiral phosphines, MeO-BIPHEP was most efficient 
for the enantioselectivity (entry 3). Moreover, the addition of an iodide anion 
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Table II. Screening of Transition-metals 
0 0 OH O 
II II conditions X X 

P h ^ Y ^ 0 M e " P h ^ ^ j ^ O M e 
NH 2 -HCI NHBz 

7 8 

entry conditions 
dr 

yield (%) anti: syn ee (%) 

RuCI2[(S)-binap](dmf)n (4 mol%) 
H 2 (100 atm) 
MeOH, 50 °C, 48 h 

[Rh(cod)CI]2 (3 mol%) 
(S)-BINAP (4 mol%) 
H 2 (50 atm) 
MeOH-Benzene, rt, 48 h 

31 

44 

9 3 : 7 

9 8 : 2 

[lr(cod)CI]2 (3 mol%) 
(S)-BINAP (4 mol%) 
H 2 (50 atm) 
MeOH-Benzene, rt, 48 h 

87 9 6 : 4 45 

source, especially sodium iodide, in the preparation of the Ir catalyst led to the 
maximized enantioselectivity (entry 4). This method was then applied to various 
aromatic substrates. The awfr'-selective hydrogenation via DKR using 3 mol % 
of the Ir-(S)-MeO-BIPHEP-I catalyst proceeded with almost complete 
diastereoselectivities under 100 atm of hydrogen in the presence of sodium 
acetate (1 equiv) in acetic acid at 27-30°C to afford the aromatic a«//-P-hydroxy-
ot-amino esters with high enantioselectivities in excellent yields. However, high 
hydrogen pressure (100 atm) and tedious degassing operation by freeze-thaw 
cycles in the preparation of the catalyst are essential for smooth reaction and 
make it difficult to run this hydrogenation in a practical sense. 

Second-generation Ir Catalyst 

In our effort to expand the utility of the first-generation Ir-catalyst, we 
examined again various additives except sodium iodide. Among them, the 
addition of NaBARF to the iridium catalyst prepared from [IrCl(cod)]2 and (5)-
MeO-BIPHEP effected increase of the isolated yield to 100%, but the diastereo-
and enantioselectivity remained at a similar level with the case of the reaction 
under high hydrogen pressure (100 atm) (entry 5). Finally, we found an unusual 
relationship between hydrogen pressure and enantioselectivity that lowering 
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Table III. Asymmetric a/i/i-Selective Hydrogenation using the Ir Catalysts 

"OMe 

^ NH 2 «HCI 

1. Ir-ligand-additive complex (3 mol%) 

H 2 , AcOH, rt 

2. B z 2 0 , TEA, THF 

OH 0 

OMe 

NHBz 
antr.syn- >99:1 

entry ligand additives (equiv) H2 

(atm) 
time 
(h) 

yield 
(%) 

ee (%) 

First-generation Ir catalyst 
1 (S)-BINAP - 100 48 81 27 

2 (S)-BINAP NaOAc(1) 100 3 90 69 

3 (S)-MeO-BIPHEP NaOAc(1) 100 3 79 77 

4 (S)-MeO-BIPHEP NaOAc(1), Nal (0.06) 100 24 82 90 

Second-generation Ir catalyst 

5 (S)-MeO-BIPHEP NaOAc (1), NaBARF (0.03) 100 3 quant 74 

6 (S)-MeO-BIPHEP NaOAc(1), NaBARF (0.03) 60 12 quant 80 

7 (S)-MeO-BIPHEP NaOAc(1), NaBARF (0.03) 30 24 quant 84 

8 (S)-MeO-BIPHEP NaOAc(1), NaBARF (0.03) 4.5 24 quant 93 

9 (S)-MeO-BIPHEP NaOAc(1), NaBARF (0.03) 1 96 91 92 

hydrogen pressure enhanced enantioselectivity (entries 6-9). Under 4.5 atm of 
hydrogen the enantioselectivity was improved to 93% ee. Furthermore, the 
reaction proceeded even under 1 atm of hydrogen with similar stereoselectivity 
in excellent chemical yield. This second-generation catalyst, Ir-(5)-MeO-
BIPHEP-BARF complex, can be readily prepared by mixing [IrCl(cod)]2, (S)-
MeO-BIPHEP, and NaBARF in methylene chloride at 23°C for 1 h and can be 
easily handled without a strictly degassed anhydrous condition. The catalyst 
loading can be lowered from 3 mol % to 0.5 mol % without loss of the yield and 
diastereo- and enantioselectivities. A survey of several chiral phosphines 
revealed that (5)-MeO-BIPHEP was most efficient in terms of chemical yield 
and enantioselectivity. Interestingly, when the Ir-PHOX catalyst developed by 
the Pfaltz group (20) was applied to the asymmetric hydrogenation of the ct-
amino-P-keto ester hydrochloride salt 7, no reaction was observed. 

Under the optimized reaction conditions, the present catalytic direct anti-
selective asymmetric hydrogenation under low hydrogen pressure was applied to 
various aromatic substrates as shown in Table IV. The hydrogenation was 
carried out by using the second-generation Ir-(5)-MeO-BIPHEP-BARF catalyst 
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Table IV. a/if/'-Selective Asymmetric Hydrogenation using the Second-
generation Ir Catalyst 

OMe 
NH2HCI 

1. lr-(S)-MeO-BIPHEP-BARF (1 mol%) 
H 2 (4.5 atm), NaOAc (1 eq), AcOH 

96 h, rt ^ 

2. B z 2 0 , TEA, THF 

OH O 

OMe 
NHBz 

OMe 
NHBz 

quant. 
dr= >99:1 

92% ee (90% eef 

BnO 

OMe 
NHBz 

94%. 
dr= >99:1 

90% ee (86% eef 

OMe 
NHBz 

61 
dr= >99:1 

84% ee (88% ee)a 

OMe 
NHBz 

97% 
c/r=>99:1 

90% ee (88% eef 

v O M e 
NHBz 

94% 
dr =>99:1 

96% ee (92% eef 

OMe 
NHBz 

OH O 

OMe 
NHBz 

quant. 
dr=>99:1 

91% ee 

R = OBn, quant., dr- >99:1, 93% ee (94% ee) 
R = Me, 92%, dr= >99:1, 92% ee (94% ee} 
R = t-Bu, 97%, dr =99:1, 91% ee 
R = Br, 96%, dr= >99:1, 82% ee (75% ee} 

QH O 

R - - — - ^ "OMe 

NHBz 

R = Me, quant., dr - >99:1, 90% ee (87% ee* 
R = CI, 76%, dr = >99:1, 74% ee 
R = F, 67%, dr= >99:1, 67% ee 

OH O 

OMe 
NHBz 

33% 
dr=>99:1 

85% ee 
a The values in the parenthese are the results of the first-generation Ir catalyst. 

in the presence of sodium acetate (1 equiv) in acetic acid under 4.5 atm of 
hydrogen at 23°C for 96 h. The yields and enantioselectivities were improved in 
comparison with our previous data by using the first-generation Ir catalyst. The 
introduction of an electron-withdrawing group at the para or meta position on the 
phenyl ring resulted in a slight decrease of the enantionselectivity, but the anti-
selectivity was excellent. The cationic Ir complex was also applicable to 
heteroaromatic substrates containing a sulfiir or oxygen atom. In the case of 
aliphatic substrates, such as R = w-Pr and cyclohexyl substrates, at the C4 
position, no or low desired reaction was observed. Surprisingly, hydrogenation 
of the hindered substrate with a ter/-butyl group efficiently proceeded to provide 
tfrt//-P-hydroxy-a-amino acid ester with >99:1 diastereoselectivity in quantitative 
yield and 91% ee. It is noted that this result is the highest value for the terf-butyl 
substrate and is superior to that of the Ru-BINAP catalyzed orwrt-selective 
hydrogenation developed by us. 
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Mechanism of the an/i-Selective Asymmetric Hydrogenation 

In order to elucidate origin of the extremely high ̂ //-selectivity, we briefly 
carried out the hydrogenation of deuterio substrate as shown in Figure 4. In the 
case of the hydrogenation via the enol form 13, the deuterium at the a-position 
would be removed by tautomerization and the hydrogen for hydrogenation 
would be provided from gaseous hydrogen to afford the deuterium-free product 
12b instead of the ketone reduction product 12a after workup. 

0 0 o - ' * ? ketone H 0 H O 

D ND2.DCI D C 0 2 M e gj NH 2 

9 

tautomerization 

11 12a 

OD H DO M enol HO H 0 
reduction 

R ' > T "OMe R J ^ . N D 2 D C I 2
 t R A i > D 2 

O ^ O M e O ^ O M e 

Figure 4. Isotope labeling experiment 

Initially, we investigated Ru-catalyzed asymmeric hydrogenation using the 
cyclohexyl substrates as shown in Figure 5. When the deuterio substrate 14 was 
hydrogenated with Ru-(5)-BINAP at 50°C for 1 h in methylene chloride, the 
D/H ratio at the a-position of the product was 18:82, supporting that the Ru-
catalyzed a/7//-selective asymmetric hydrogenation takes place through the 
reduction of the enol form. In contrast 5>w-selective asymmetric hydrogenation 
of 16 as a control experiment gave the D/H ratio of 66:34, the paralell result to 
the Noyori experiment, which supports that the hydrogenation proceeds via the 
ketone reduction. These experiments clearly indicate that the syn- and anti-
selective asymmetric hydrogenations proceed via substantially different 
mechanism. 

Next, we carried out the Ir-catalyzed asymmetric hydrogenation using the 
deuterio aromatic substrate 18. The hydrogenation using the Ir-(5)-MeO-
BIPHEP-BARF catalyst in the presence of sodium acetate in acetic acid under 
one hydrogen pressure at 23 °C afforded an equal mixture of two corresponding 
P-hydroxy-a-amino acid esters 19a and 19c in 17% yield. Surprisingly, 19c has 
a deuterium at the P-position, which seems to be derived from the D/H exchange 
on the catalyst (27). However, the D/H ratio at the a-position was 100:0. This 
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antf-Selective Hydrogenation 

O O 

D ND 2 DCI 
14 

H 2(100 atm) 
Ru(S)-BINAP 

CH 2CI 2 

50°C. 1 h 
46% yield 

syn-Selective Hydrogenation 

0 O 

D NDBz 
16 

H2(100 atm) 
Ru(S)-BINAP 

CH 2CI 2 

50°C,24 h 

12% yield 

HQ H 0 

OMe 

D NH 2 

15a 18% 

HQ H O 

OMe 

H NH 2 

15b 82% 

HQ H O 

17b 34% 

O O lr-(S)-MeO-BIPHEP-BARF HO H O HQ H 0 HQ D O 

P h - S ^ O M e H 2 ( 1 a t m ) P h ^ V ^ O M e + P h A ^ e + P h A ^ M . 
D ND2-DCI A c 0 N a > CD3COOD D* NH 2 H NH 2 g NH 2 

18 2 3 C ' 3 h 19a 53% 19b 0% 19c 47% 
17% conversion yield . , . . . , . . 

via keto form via enol form via keto form 

Figure 5. Isotope labeling experiments using the Ru and Ir Catalysts 

result clearly supports that the Ir-catalyzed asymmetric hydrogenation of the a-
amino-p-keto esters takes place through reduction of the ketone double bond to 
produce the P-hydroxy-a-amino acid esters with ^//-stereochemistry. 

Conclusion 

The above ^//-selective asymmetric hydrogenation of chirally labile a-
amino-P-ketoesters using the Ru- and Ir-axially chiral phosphine catalysts 
provides simple and straightforward access to important a«//-P-hydroxy-a-amino 
acids. Both processes are complementary each other on their scope and 
limitation. The Ru-catalyzed asymmetric hydrogenation of a-amino-P-
ketoesters via DKR is the first example of giving a/7//-P-hydroxy-ot-amino acids 
and the Ir-catalyzed asymmetric hydrogenation is the first example of 
hydrogenation via dynamic kinetic resolution by the Ir catalyst. Especially, the 
second-generation Ir catalyst is robust and can be easily used without care, which 
undergoes mild hydrogenation under low hydrogen pressure. It is noted that this 
method does not require special instruments and techniques and can be carried 
out even by use of the hydrogen-balloon technique. The product a/i/Z-P-hydroxy-
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a-amino acids are useful as building blocks for the synthesis of various 
pharmaceuticals and natural products. 
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Chapter 15 

Catalyst Screening for the Synthesis of Amino Acids 

David J. Ager1, Laurent Lefort2, and Johannes G. de Vries2 
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Suite 103, Raleigh, NC 27615 
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P.O. Box 18, 6160 MD, Geleen, The Netherlands 

Asymmetric hydrogenation is a powerful method for the 
synthesis of α-amino acids and was the first transition metal 
catalyzed reaction to provide high enantioselectivity. 
Unfortunately, there is no catalyst that can reduce every 
possible substrate with high enantioselectivity and screening 
has to be performed to find a useful candidate. The use of 
monodentate BINOL-based ligands such as MonoPhos™, 
which can be prepared by a very short synthetic sequence, 
allows for large libraries of potential ligands to be accessible 
within a few hours. Further diversity can be created by 
screening catalysts based on mixtures of these monodentate 
ligands. These catalysts can then be used to prepare a wide 
variety of amino acid derivatives. 
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Introduction 

Amino acids, peptides and peptidomimetics occur in a wide range of 
biologically active compounds and present a challenge for asymmetric synthesis. 
Knowles and his coworkers at Monsanto developed the first chemical 
asymmetric synthesis of amino acids based on rhodium-catalyzed olefin 
hydrogénation, which rivals enzymatic methods in terms of enantioselectivity 
and culminated in the production of the drug, L-Dopa (1), for the treatment of 
Parkinson's disease (Scheme l). 1 The enamide substrate is prepared by the 
classical Erlenmeyer reaction and the desired Z-isomer 2 crystallizes from the 
reaction mixture.2 The asymmetric catalyst is based on the chiral bisphosphine, 
/?,/?-DIPAMP (3), that has chirality at the phosphorus atoms, and can form a 5-
membered chelate ring with rhodium. The asymmetric reduction of the Z-
enamide, proceeds in 96% ee.3 The pure isomer of the protected amino acid 
intermediate 4 can be obtained upon crystallization from the reaction mixture as 
it is a conglomerate.4 

OAc 

Scheme 1. 

  
 



241 

Although the catalyst system is amenable to the preparation of a wide 
variety of amino acids, especially substituted phenylalanine derivatives,5,6 a 
major shortcoming of the approach is the need to have just the Z-enamide isomer 
5a as the substrate. Knowles' catalyst gives slow reactions with low asymmetric 
induction if an £-enamide 5b is used as the substrate.4 Fortunately, the general 
method for the preparation of the enamides is stereoselective to the Z-isomer 
when an aryl aldehyde is used. Other approaches to the alkene are also available 
such as the Heck or Suzuki reactions. 

The need to prepare the substrate in a stereoselective manner was overcome 
by the use of the DuPhos (6) family of ligands. For substrates that possess a 
single β-substituent (e.g., either R 2 or R 3 = H), the Me-DuPhos-Rh and Et-
DuPhos-Rh catalysts were found to give enantioselectivities of 95-99% at the 
alpha-center for a wide range of amino acid derivatives.7'8 Hydrogénation of just 
the E- or Z-enamide isomers allows the generation of the β-stereogenic center 
with high selectivity. The more electron-rich Me-BPE (7, R = Me) catalysts can 
be used to access β-branched amino acids (Scheme 2, R2, R 3 Φ Η) . 9 1 0 

ψ [DuPhos-Rh]+ ψ 
2 ^ V C 0 2 R ^ R 2 ^ C ° 2 R 

R Τ H2(<100psi) R Τ 
NHCOR1 NHCOR1 

5a R 3 = Η > 9 5 % e e 

5b R 2 = Η 
5c R = Me, R 1 = Me, R 2 = Ph, R 3 = Η 

where DuPhos (6) = R f* B P E (7) = R

 y v J* 

'RR ^ 'R R 

Scheme 2. 

The DuPhos reduction has been used to prepare a wide range of amino acids 
with substituted aromatic, heteroaromatic, alkyl, fluoroalkyl, and other 
functionalized organic groups.9"16 Polyamino acids can also be accessed.17"20 

There is no comprehensive catalyst system to perform an asymmetric 
hydrogénation under optimal conditions. Although the systems mentioned above, 
as well as others,21 provide adequate selectivity and rates across a wide range of 
enamides, some optimization may be required to obtain an economical, 
commercial synthesis. For these large-scale reactions, not only does 
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enantioselectivity have to be considered but turnover number (TON), the amount 
of catalyst that is required, and turnover frequency (TOF), the amount of time it 
takes to go round the catalytic cycle, are also important factors. Both of these 
considerations relate to cost; how much catalyst has to be bought is related by 
the TON while equipment costs and time are connected to TOF. A different 
ligand, therefore, may be required for each separate substrate. In addition, the 
optimal reaction conditions may also vary. As with most process chemistry 
procedures, the solution comes back to looking at many different conditions; in 
other words, the variables need to be screened. 

For the catalysts themselves, there are a number of metals known to perform 
asymmetric hydrogénations to provide amino acid derivatives although rhodium 
and iridium are the most common. To achieve high enantioselectivity under 
optimal conditions, a wide variety of ligands needs to be screened. 

Many asymmetric hydrogénation catalysts are bisphosphines and prepared 
by long synthetic sequences. Thus, to obtain a sample of such a ligand requires 
investment in time and money. Some of these ligands can be bought either as the 
free ligand or as a metal complex; others require synthesis, as they are not 
commercially available. Samples of these ligands and catalysts can be kept for 
future screening use. However, many phosphines are oxygen sensitive and can 
degrade over time. Although this can be addressed, especially by the use of an 
inert atmosphere and temperature control, this approach requires careful 
monitoring and space. In addition, for screening only small amounts of the 
ligand will be required and dispensing these small amounts can be problematic. 
An alternative method is to make the ligand and then use it straightaway. This 
alleviates storage problems. The monodentate MonoPhos family of ligands 8 is 
set up to fulfill the requirements due to their ready accessibility. 

Rhodium-Catalyzed Hydrogénations 

Rhodium-based catalysts with the monodentate phosphoramidite ligands 
have been found to provide high enantioselectivities for the asymmetric 
hydrogénation of dehydroamino acid substrates. Unlike bidentate ligands, there 
can be a strong solvent effect.22 The stereogenic backbone of the majority of 
phosphoramidite ligands is derived from 2,2'-binaphthol (BINOL) (9), which is 
readlily available as either isomer (Scheme 3). 2 3 , 2 4 

The intermediate phosphoryl chloride 10 is stable enough to be able to use 
in stock solutions. This convenient phenomenon extends to derivatives of 
BINOL. The biphenol 9 is derived from dimerization of 2-naphthol and the 
antipodes are then separated.25 2-Naphthol is readily substituted at the 3- and 6-
positions due to the directing nature of the hydroxy group. Although a little more 
difficult, substitution can also be introduced at the 4-position.26 Dimerization and 
resolution then gives access to the general BINOL-based ligands 11. 
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11 

To alleviate the problems associated with ligand storage and dispensing, a 
method was sought where the ligand synthesis could be automated. The structure 
of the ligands themselves allows for coupling to a solid support either through 
the biphenol (e.g., R 5 attached to a polymer) or the amine (R1). None of these 
approaches were successful. A polymeric base did provide ligands that gave 
comparable results in the reduction to when purified ligands were used. 
However, as the purpose of the base is to drive the synthesis of the 
phosphoramidite to completion, triethylamine is competent in a solvent, such as 
toluene, where the resultant salt is insoluble.27 For asymmetric hydrogénations, 
the presence of chloride ion can be detrimental,28 but the triethylamine 
hydrochloride precipitates out and can be removed by filtration. 

The addition of the reagents for ligand synthesis can be performed by a 
robot and the reactions performed in 96-well plates. The use of an oleophobic 
filter then allows subsequent removal of the salt by-product by application of a 
vacuum. Comparison studies showed that parallel synthesis of the ligands, with 
only filtration to remove the salt by-product and no further purification, gave 
results in the reductions that were close to the analogous reactions with purified 
ligands.27 Thus, for the reduction of the enamide (5c) to prepare phenylalanine 
methyl ester, use of the purified ligand 8 (R1 = R 2 = Et) gave 99% ee with 
quantitative conversion in dichloromethane under 5 bar of hydrogen; whereas 
use of the ligand prepared in the robot from which only the salts were removed 
by filtration led to 96% ee and 100% conversion under identical conditions. On 
average ee's are -5% lower using the robot-prepared ligands. However, the 
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relative order of selectivity and reactivity remains the same, making this 
methodology an excellent screening tool. 

As phosphoramidite ligands are monodentate and simple to prepare, there is 
a second aspect of the approach that can be exploited. The results from the first 
round of screening can be used to design and investigate more ligands in a 
second round of screening. The time required for this series of experiments is 
the same as the first screen; no long ligand syntheses are required. Thus, 
multiple rounds of experiments can be performed to not only optimize 
enantioselectivity but also reaction conditions. This is illustrated in Figure 1. 

Figure 1. Iterative approach to ligand screening. 

Monodentate ligands such as phosphoramidites and phosphites have a third 
property, which can be useful and also greatly increases the diversity space. 
Unlike bidentate bisphosphine ligands, which bind tightly to the metal, 
monodentate ligands provide a more dynamic system. In these, the most reactive 
system can be made up from a mixed ligand system. This is illustrated by the 
reduction of the α,β-unsaturated carboxylic acid 12 in the synthesis of the renin 
inhibitor, Aliskirin™ (13) (Scheme 4).29 
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The initial screen was performed with eight different phosphoramidite 
ligands. Although the enantioselectivity was lower than required, it was the 
reaction rate that gave cause for concern. However, it could be seen that the use 
of 3,3'-disubstituted BINOL gave the best stereoselection. A second screen was 
performed but with 96 different achiral electron-donating ligands being added to 
the system; MonoPhos™ itself (8, R1 = R 2 = Me) was used as the 
phosphoramidite. The results showed that the addition of an arylphosphine not 
only increased the reaction rate but also provided better enantioselectivity. 
Further rounds of screening lead to the use of the piperidine ligand 11 (R*,R2 = 
-(CH2)5-, R 3 = Me, R 4 = R 5 = H) with tri(/w-tolyl)phosphine in a ratio of 2:1.29 

As stated above, the monodentate ligands lead to complex equilibria being 
established. The presence of an achiral ligand can give rise to a rhodium 
complex, which is viable to perform the reduction but would lead to racemic 
product. From the initial screening results the complex arising from two moles of 
11 interacting with the metal leads to a system that is slow in performing the 
desired asymmetric hydrogénation. The use of the 2:1 ratio gives enough of the 
"mixed" ligand complex, which is the active catalyst to result in good reaction 
rate while not compromising the enantioselectivity. 

The use of mixed ligand systems provides an extremely large number of 
possibilities. Just 10 different ligands provide 55 different combinations. In 
independent studies, Reetz and coworkers independently found that mixtures of 
monodentate ligands can provide improved enantioselectivity in selected cases.30 

This phenomenon has been applied to the reduction of β-amino acid derivatives 
where the use of a mixed ligand system gave much better rates and enantioselectivity 
compared to the use of two moles of a single ligand (Scheme 5).31 

Phosphoramidites based on a BINOL backbone have proven to be extremely 
useful ligands for a wide variety of asymmetric hydrogénations, as summarized 
in Table I. 3 2 , 3 3 Unlike most bidentate ligands, there can be a marked solvent 
effect for these reductions. The enantioselectivity for the reduction of the 
dehydroamino ester 5c with MonoPhos (8, R1 = R 2 = Me) was 70% in methanol 
but a simple switch to dichloromethane resulted in an ee of >95%.22 Thus, a 
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Ν H Ac Rh(COD)2BF4. L 1 L 2 NHAc 

R A ^ , C 0 2 M e H 2 R A ^ C 0 2 M e 

where R = Me or Ph 

Scheme 5. 

change in solvent can be used to advantage. An increase in hydrogen pressure 
increases the reaction rate for hydrogénations with 11, but does not adversely 
affect the stereoselectivity of the reduction. 

Iridium Catalysts 

For the asymmetric reduction of enamides 5c to α-amino acid derivatives, 
the much cheaper metal iridium can be used rather than rhodium (Scheme 6). 
Based on the work of Crabtree, [Ir(cod)Cl]2 was treated with two equivalents of 
a MonoPhos ligand to provide [Ir(cod)LCl], which, in turn, was treated with a 
second ligand. No viable hydrogénation catalysts were found until a bulky ligand 
was used and the chloride was not displaced by a second ligand. Further 
screening studies showed that the BINOL backbone was not required and a 
simple bisphenol could be used as long as there was a large group in the 3- and 
3'-positions.42 

Subsequent studies suggest that there is only one phosphoramidite ligand 
bound to the metal in the active species; the precursor only has one present, the 
addition of more ligand does not give a rate acceleration, non-linear effects are 
absent, and there is no mixed ligand effect. 

Summary 

In summary, the monodentate phosphoramidite ligands have been 
established as a versatile family of ligands to perform asymmetric 
hydrogénations.43*46 The ease of synthesis and ready access to a very large 
number of family members provides for the screening of many ligands and 
mixtures without taking a large amount of time. The second advantage is the 
simple synthesis keeps costs for the ligand to a minimum. These systems have 
been, and continue to be, implemented at industrial scale. However, work still 
needs to be performed to understand the mechanism of the reductions and 
provide more insight into the controlling factors. 
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Table I. Asymmetric hydrogénations with phosphoramidite ligands 
based on the BINOL backbone. 

Substrate Product Reference(s) 

Ar 

Ar 

R 

C 0 2 H 

Ν H Ac 

C 0 2 R 

Ν H Ac 
C 0 2 H 

Ν H Ac 

C 0 2 R 1 

Ν H Ac 
NHAc 

A ^ C 0 2 R 1 

R 

AcHN 
C 0 2 R 1 

R 
C 0 2 H 

R 

H 0 2 C 
C 0 2 H 

C 0 2 R 

NHAc 

Ar 
R 

Ar 

Ar 

OAc 

OCONMe 2 

„ R 

Ar 

Ar 

C 0 2 H 

NHAc 
C 0 2 R 

NHAc 
C 0 2 H 

NHAc 

C 0 2 R 1 

NHAc 
NHAc 

A ^ C 0 2 R 1 

R 

AcHN 

R 

C 0 2 R 1 

R 
C 0 2 H 

R' 

H 0 2 C 
C 0 2 H 

R 1 0 2 C ^ A ^ ^ D R 1 0 2 C ^ L , C 0 2 R 

NHAc 

Ar 

Ar 

Ar 

22,34,35 

22,24,27,34-36 

22,34,35 

22,34-36 

27,37 

38 

39 

22,24,35 

22 

24,35,40 

OAc 
R 

OCONMe 2 

R 

41 

41 
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Ph 
C 0 2 M e [lr(COD)(L)CI] 

NHAc 
5c 

CH 2 CI 2 , H 2 (5 bar) 
Ph 

C 0 2 M e 

NHAc 

ee 98% 

where L = 

Scheme 6. 
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Asymmetric Synthesis of α-Amino Acids Using 
Polymer-Supported Cinchona Ammonium Salts 

as Phase-Transfer Catalysts 
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de Sintesis Orgánica (ISO), Universidad de Alicante, P.O. Box 99, 
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Cinchona ammonium salts from cinchonine, cinchonidine, 
quinine and quinidine alkaloids have been anchored to 
polymers and used as phase-transfer catalysts in the 
enantioselective alkylation of N-diphenylmethylene glycine 
esters to afford enantioenriched α-amino acid derivatives. 
These supported catalysts can be separated from the reaction 
medium and reused, being promising from an industrial 
viewpoint. 

Introduction 

Quaternary ammonium salts derived from Cinchona alkaloids have evolved 
as economic and readily available chiral catalysts in several enantioselective 
processes (/) performed using the mild, simple and easily scalable phase-transfer 
catalysis (PTC) methodology (2). Especially, intensive studies have been 
performed on their use in the enantioselective alkylation of jV-diphenylmethylene 
glycine esters 1, which afford α-alkylated derivatives 2 thus driving to a variety 
of natural and of non-natural α-amino acids after hydrolysis (Figure 1) (J). Both 
enantiomers of 2 can be obtained by using as catalysts cinchonine/quinidine-
derived salts [driving generally to (R)-2] or cinchonidine/quinine-derived salts 
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[driving generally to (S)-2], these alkaloids being considered as 
pseudoenantiomers. 

Although small amounts of these not too expensive solution phase catalyst 
are consumed working under PTC conditions, reusable polymer supported 
catalysts might have more advantages in a large scale production from both 
practical and economical viewpoints (4). This article presents a revision of the 
use of polymer-anchored ammonium salts from Cinchona alkaloids as recyclable 
catalysts for the enantioselective alkylation of glycinates 1 under PTC 
conditions. 

Ο PTC-catalyst* Ο 

pvN-A)R> „ R 2 H f •
 pvn-AOR-

Τ base, solvent Τ Τ υ κ 

Ph Ph R2 

1 2 

Figure 1. Enantioselective a-alkylation of glycine imines under PTC conditions. 

Polymer-Supported Cinchona-derived salts 

Based on the connection site to the polymer, the supported Cinchona-
derived ammonium salts can be classified into four categories (Figure 2). These 
anchored systems are employed as PTC catalysts in the enantioselective 
benzylation reaction of glycinates 1 to give enantioenriched phenylalanine 
derivatives 3 (Figure 3), this reaction being always carried out as a model for 
testing the performance of the PTC catalyst. 

iV-Anchored Ammonium Salts 

The attachment of a Cinchona alkaloid to a polymer through the nitrogen 
atom of the quinuclidine system is the most direct way for creating a chiral 
supported ammonium salt. Thus, the first enantioselective PTC-promoted 
alkylation of glycinate la using a polymer-bound Cinchona ammonium salt was 
performed back in 1998 using cinchonine and quinine-derived ammonium salts 
4a and 5c (Figure 4), obtained by treating the alkaloid with the Merrifield resin 
(5). However, the achieved enantioselections were very low under the employed 
reaction conditions (10 mol% of catalyst, CH2C12, 50% aq NaOH, 20 °C). Thus, 
when using the cinchonine-derived salt 4a as PTC catalyst, only a 9% ee of the 
corresponding alkylated product (R)-3 was obtained in the benzylation reaction 
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(C-l l)-anchoring 
(?)—[SPACER 

(?)—1 SPACER 
(0-6')-anchoring 

N-anchoring 
SPACER)—(?) 

SPACER|—(p) 
(09)-anchoring 

Figure 2. Options for the attachment of ammonium derivatives of Cinchona 
alkaloids to polymers. 

Ο Ο 

^ v OR PTC-catalyst* | Τ ° 
Ph base, solvent Ph 

Ph 
la: R = r-Bu 3 
lb.R = iPr 

Figure 3. Model enantioselective benzylation of glycinates 1. 

of la (Figure 3), whereas a 6% ee of its enantiomer (5)-3 was obtained using the 
quinine derivative 5c (5). These enantioselections could be improved slightly 
under the same reaction conditions using the cinchonine derivative 4a as well as 
its pseudoenantiomeric cinchonidine derivative 5a (Figure 4) up to 12 and 27% 
ee, respectively, by increasing the amount of catalysts up to 100 mol% (Table 1, 
entries 1 and 4) (6). These supported catalysts were reused up to three times. 

The poor enantioselections obtained using these Merrifield-derived PTC 
catalysts were dramatically improved by changing the reaction conditions and 
the starting glycinate 1 (7). Thus, when the benzylation reaction (10 mol% of 
catalyst, toluene, 25% aq NaOH, 0 °C) was carried out on the isopropyl 
glycinate lb using the cinchonine salt 4a as PTC catalyst, a 40% ee of (R)-3 
could be obtained, whereas a 90% ee of (5)-3 was obtained using the supported 
cinchonidine salt 5a (Table 1, entries 2 and 6). Other substituted benzyl 
bromides, as well as allyl and propargyl halides were used as electrophiles 
achieving ee's in the range 24-66%. In addition, yields were much higher and 
reaction times considerably shorter than when using the previous procedure, 
something probably related to the less strict sterical requirements imposed to the 
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5c: R 1 =OMe, R 2 = H , X = C1 
PS = crosslinked polystyrene 5d: R 1 = H, R 2 = 4-0 2 NC 6 H 4 CO, X = CI 

Figure 4. Merrifield N-anchored Cinchona ammonium salts. 

polymeric catalyst by the isopropyl group in 1 when compared to the ter/-butyl 
group. In fact, only a 58% ee for (S)-3 was obtained starting from the terf-butyl 
derivative la in 36 h reaction time. When the 0-allylated ammonium salts 4b 
and 5b were used as catalysts under this reaction conditions, lower 
enantioselections were achieved (Table 1, entries 3 and 7), as well as when using 
the quinine-derived salt 5c (Table 1, entry 8) (8). 

In addition, a Merrifield-supported p-nitrobenzoate (0-9)-esterified 
cinchonidine salt 5d has afforded also a very low enantioselection in the 

Table 1. Enantioselective benzylation of glycinates 1 using catalysts 4 and 5 

Ent. / Cat. Solvent Base Τ 
(°C) w 

Yield 
(%) 

ee 
(%) 

1 la 4a CH2C12 50% aq KOH 20 48 55 12 (Λ) 
2 lb 4a PhMe 25% aq NaOH 0 24 85 40 (Λ) 
3 lb 4b PhMe 25% aq NaOH 0 24 45 32 (R) 
4 la 5a CH2C12 50% aq NaOH 20 48 48 27(5) 
5 la 5a PhMe 25% aq NaOH 25 36 80 58(5) 
6 lb 5a PhMe 25% aq NaOH 0 17 90 90(5) 
7 lb 5b PhMe 25% aq NaOH 0 140 23 50(5) 
8 la 5c CH 2CI 2 50% aq NaOH 20 20 48 9(5) 
9 lb 5c PhMe 25% aq NaOH 0 96 81 20(5) 
10 la 5d CH 2CI 2 50% aq KOH 0 24 27 3(R) 
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benzylation of teri-butyl glycinate la (Table 1, entry 10), this result being raised 
up to 18% ee for (R)~3 when working in the absence of an organic solvent (9). 
Moreover, it is interesting than when an ^/-cinchonidine derivative similar to 4a 
but with opposed C-9 stereochemistry was employed as PTC catalyst, a very 
low enantioselection (8% ee) was obtained but also in favour of (S)-3 (8). 

Other supported jV-benzylated ammonium salts 6-9 were prepared by N-
alkylation of cinchonidine using different commercial halogenated polymers (70) 
(Figure 5), such as crosslinked polystyrene-bound triphenylchloromethane 
(affording 6), chloromethylated l-[4-(4-vinylphenoxy)butoxy]-4-vinylbenzene-
crosslinked polystyrene (JandaJel™-Cl) (affording 7), Wang-Br resin (affording 
8) and chloromethylated polyethylene glycol-polystyrene copolymer 
(ArgoGel™-Cl) (affording 9). In addition, the 9-anthracenylmethylated 
polymeric cinchonidine derivative 10 was prepared. All these polymer-bound 
cinchonidine ammonium salts were used in the benzylation of isopropyl 
glycinate lb giving rise to enantioselections in the range 2-70% ee for the (S)-3 
enantiomer (Figure 5), and could be separated by filtration and reused. 

Cinchonidine and cinchonine were also N-quaternized using 
chloromethylated polystyrene-grafted polypropylene (chloromethylated 
Synphase™ lanterns) (8). These derivatized Lanterns 11 and 12 were added to 
the reaction flask, being employed as PTC catalysts in the benzylation of lb. 
Thus, when the cinchonidine-supported lantern 11 was used under the above 
reaction conditions (10 mol% catalyst, toluene, 25% aq NaOH, 0 °C) but 
working at room temperature, the final (S)-3 was obtained with identical 
enantioselectivity than when using its Merrifield resin-attached counterpart 5a 
(66% ee, 83% yield in 24 h), although lowering the reaction temperature also 
lowered the ee and increased considerably the reaction time (8). These lantern-
attached ammonium salts have been tweezers-separated after the reaction and 
reused up to three times, observing just a 3% lowering in yield and ee between 
first and third run. 

The role of the spacer between the N-quaternization moiety and the 
Cinchona alkaloid in the enantioselectivity of the PTC alkylation of glycinate la 
(10 mol% catalyst, toluene, 50% aq KOH, 0 °C) has been investigated preparing 
a series of Ν-attached cinchonine (13a) (11-13), quinidine (13b) (11,13), 
cinchonidine (14a) (11,13) and quinine-derived (14b) (11,13) polymeric salts (n 
= 4, 6, 8) (Figure 7). The best result (81% ee, 60% yield in 27 h) was achieved 
using the cinchoninium iodide bound to polystyrene with a four-carbon spacer 
13a (n = 4) (11-13). Surprisingly, the same enantiomer (R)-3 was always 
obtained irrespective of the catalyst used (//), thus revealing the strong 
influence of the 'superstructure' of the polymer in the sense of the 
enantioselectivity. The use of other activated or inactivated halides as 
electrophiles gave lower enantioselectivities, and recycling of the catalyst gave 
rise to longer reaction times and lower enantioselections (75). 
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10 (32 h, 94%, 70% ee) 
JJ = JandaJel™ 
AG = ArgoGel™ 

Figure 5. Supported cinchonidine-derived salts. In parenthesis, reaction times, 
yields and enantioselectivities for (S)-3 achieved when used as PTC catalysts 

in the benzylation of lb (10 mol% catalyst, toluene, 25% aq NaOH, 0 °C). 

  
 



13a: R = H 
13: R = OMe 

η = 4, 6, 8 14a: R = Η 
14b: R = OMe 

Figure 7. Cinchona-derived ammonium salts attached to differently spaced 
crosslinkedpolystyrene beads. 

The nature of the support in these anchored supported catalysts has also 
been changed using a poly(ethylene glycol) (PEG) non-crosslinked matrix type, 
thus attempting an increase in the solubilising properties in different solvents. 
Thus, MeO-PEG-OH (M w 5000) has been used as polymeric phase for the 
synthesis of the ammonium salts from cinchonidine 15a (13-15) and quinine 15b 
(13,14) (Figure 8), including the O-substituted surrogates 15c and 15d (14). The 
pseudoenantiomeric cinchonine and quinidine counterparts were also obtained 
(13,14). 

These PEG-anchored ammonium salts have been used as PTC catalysts in 
the model benzylation reaction of la, the cinchonidine-derived system being 
more efficient. Thus, when the PEG-supported cinchonidine salt 15a was 
employed as catalyst at 20 °C, a moderate enantiosectivity for (S)-4 was 
observed (56% ee) (75), being considerably improved when working at 0 °C 
(81% ee) (13,14) (Figure 8). These polymers could be separated after the 
reaction by precipitation with ether, although reusing gave slightly lower yields 
and ee's (15). 
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15a: R1 = R 2 = H [(S>3: 84%, 81% ee, 0 °C] 
15b: R1 = OMe, R 2 = H [(S)-3: 78%, 33% ee, 0 °C] 
15c: R1 = H, R 2 = Allyl [(S)-3: 83%, 73% ee, 20 °C] 
15d: R1 = H, R 2 = Bn [(S>3: 78%, 57% ee, 20 °C] 

OPEG50ooOMe 

Figure 8. N-PEG-supported Cinchona quaternized salts. In brackets, yields and 
enantioselectivities achieved when used as PTC catalysts in the benzylation of 

la (10 mol% catalyst, toluene, 50% aq KOH). 

Dimeric PEG-supported Cinchona ammonium salts from cinchonidine and 
quinine 16a and 16b, respectively, have been prepared by reaction of the 
alkaloid with diacetamido-PEG2000 chloride (Figure 9). The linking PEG group 
acts as a surfactant which can mix the organic components in water, thus 
allowing the enantioselective alkylation of la in 1M KOH at room temperature 
and in the absence of any organic solvent in only 6 h (16). The quinine 
derivative 16b has performed better than its cinchonidine counterpart in the 
model benzylation reaction of la and has been used as catalysts in the alkylation 
reaction of la using different benzyl, allyl and alkyl halides in high yields and 
with very good enantioselectivities of the corresponding (S)-2 in the range 82-
97% ee. The related dimeric cinchonine derivative has also been prepared and 
gave rise to a slightly lower enantioselection for the /̂ -enantiomer. The catalysts 
could be recovered by precipitation with ether and reused without loss of 
activity. 

(0-9)-Anchored Ammonium Salts 

As Cinchona ammonium salts have allowed to obtain very high 
enantioselectivities in the PTC-promoted enantioselective alkylation of glycinate 
la when the jV-quaternization moiety is a 9-anthracenylmethyl group (5), 
keeping this structural area intact by attaching the polymer to the alkaloid in 
other position was a logical reasoning. Thus, the free C-9 hydroxyl group in the 
alkaloid can be easily deprotonated with a base such as sodium hydride and can 
react with the Merrifield resin to afford the corresponding (<9-9)-anchored 
ammonium salts (12,13). Only the supported cinchonidine-derived salt 17a 
(Figure 10) afforded good results in the benzylation reaction of la working at 
low temperature (10 mol% catalyst, toluene, CsOH, -50 °C), giving rise to (S)-3 
in 64% yield and 93% ee. The corresponding cinchonine, quinine and quinidine 
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16b: R = OMe [(S>3: 98%, 83% ee] 

Figure 9. Dimeric PEG-supported cinchonidine and quinine-derived ammonium 
salts. In brackets, yields and enantioselectivities achieved when used as PTC 

catalysts in the benzylation of la (10 mol% catalyst, 1M KOH, rt, 6 h). 

derivatives gave much lower enantioselections (23-36%), the pseudoenan-
tiomeric effect being observed. Recycling of the catalyst resulted in a certain 
loss of activity after the third run (13). This polymer deterioration was avoided 
by 0-linking the ammonium salt to Synphase™ lanterns, which allowed a higher 
stability, although with lower enantioselectivities (up to 78% ee) (13). In 
addition, CMinking the cinchonidinium moiety to polystyrene through a 4-carbon 
spacer to give the polymeric salt 17b did not improve the results, and a 81% ee 
of (S)-3 was obtained under the same reaction conditions than when using 17a 
(13). 

Very good enantioselectivities have been achieved using the (0-9)-
Merrifield supported dihydrocinchonidine-derived ammonium salts 18 which 
have been quaternized with benzyl systems containing hydrogen bond-inducing 
groups (Figure 10) (77). The jV-oxy derivative 18c showed the highest 
enantioselectivity for (S)-3 (18a, 91% ee; 18b, 93% ee; 18c, 95% ee) with yields 
in the range 81-88% and working under solid-liquid PTC conditions (20 mol% 
catalyst, toluene, 50% aq KOH, 0 °C). The alkylation of la has also been 
performed using 18c as PTC catalyst with other benzyl, allyl and alkyl halides, 
affording the corresponding (5)-amino acid derivatives with 76-96% ee. The 
supported catalyst 18c could be recovered by filtration and reused five times 
with no decrease in the enantioselectivity. 

The ether linkage of the Cinchona ammonium salt to the polymer has been 
changed by an ester by grafting the cinchonidinium salt to a cross-linked 
carboxypolystyrene resin to afford the (0-9)-anchored species 19a (Figure 11) 
(13). In addition, soluble non-crosslinked homopolymeric polystyrene-supported 
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Figure 10. (0-9)-Crosslinkedpolystyrene-bonded cinchonidine and 
dihydrocinchonidine-derived ammonium salts. 

ammonium salts from dihydrogenated cinchonidine (19b) and quinine (19c) have 
been prepared by polymerization of the dihydro alkaloid 0-9-(4-vinylbenzoate) 
and further quaternization (13). When all these ammonium salts were used as 
PTC catalysts in the benzylation of la (10 mol% catalyst, toluene, 50% aq 
KOH, 0 °C), long reaction times were observed (120 h) for the insoluble catalyst 
19a and only 30% ee for (S)-3. The soluble analogues were more efficient, with 
reaction completed in 24 h, and more enantioselective (19b, 85% ee; 19c, 45% 
ee). The pseudoenantiomeric counterparts from cinchonine, dihydrocinchonine 
and dihydroquinidine have also been prepared, the highest enantioselectivity for 
(R)-3 being achieved with the dihydroquinidine-derived salt (67% ee). However, 
attempts to reuse these catalysts failed to give good conversions, indicating 
strong degradation of the catalyst structure. Moreover, the use of a PEG support 
to get soluble catalysts, as the case of the (<9-9)-anchored cinchonidinium-
derivatives 20a and 20b (Figure 11) did not improve the best result obtained 
with the former PTC catalysts in the preparation of (S)-3 under the same reaction 
conditions (20a, 54% ee; 20b, 62% ee) (13). 

(0-6')-Anchored Ammonium Salts 

Demethylation of the methoxy group at C-6' of quinine or quinidine (or 
their derivatives) provides an aromatic hydroxyl group, suitable for connection 
to polymers. Thus, a quaternary ammonium salt from 6'-rtor-dihydroquinine has 
been attached to the Merrifield resin after sodium hydride treatment, and the 
resulting (<9-6')-anchored ammonium salt 21 (Figure 12) has been attempted in 
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R 3 = crosslinked polystyrene 
19b: R 1 = H, R 2 = CH 2 CH 3 , 

R 3 = polystyrene homopolymer 
19c: R 1 = OMe, R 2 = CH 2 CH 3 , 

20a: X=H 2 

20b : X = Ο 

R 3 = polystyrene homopolymer 

Figure 11. Cinchonidine-derived (0-9)-anchored ammonium salts. 

the enantioselective benzylation of la, but failed to promote enantioselectivity 
higher than 2% (13). Similarly, 6'-w?r-quinine has been attached to differently 
modified PEG supports, affording ammonium salts 22 (Figure 12) (18). When 
these polymeric compounds were used in the benzylation reaction of la, a poor 
enantioselectivity for (S)-3 (12% ee) was achieved using 22b as catalyst and 
working under solid-liquid PTC conditions at very low temperature (10 mol% 
catalyst, toluene, CsOH, -78 °C), whereas a moderate enantioselection was 
observed using 22a as catalyst (64% ee). However, attempts to recycle the 
supported catalyst 22a were unsuccessful due to strong decomposition. 

(C-11)-Anchored Ammonium Salts 

Cinchonine and cinchonidine have been anchored to a resin through the 
vinyl group after its transformation into a terminal alkyne and coupling to the 
Merrifield resin (13). When the obtained polymeric ammonium salts, such as the 
cinchonine-derived 23 (Figure 13) was employed in the PTC benzylation of la, 
a 73% ee of (R)-3 was isolated after 26 h (10 mol% catalyst, toluene, 50% aq 
KOH, 0 °C). However, the corresponding cinchonidine pseudoenantiomer gave 
rise to poor enantioselectivity [11% ee for (5)-3], their recyclability being not 
mentioned (13). In addition, the vinyl group of cinchonidine has been used in 
performing a copolymerization reaction with acrylonitrile to give the co-
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22b: X-Y = 4-CH2C6H40(CH2)3-C 

Figure 12. Cinchonidine-derived (0-6 ')-anchored ammonium salts. 
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polymeric ammonium salt 24 after jV-quaternization (Figure 13). This insoluble 
catalyst yielded up to 71% ee of (S)-3 after the benzylation of the isopropyl 
derivative lb (10 mol% catalyst, toluene/chloroform, 50% aq KOH, -20 °C), 
being separated and reused (10). 

Conclusions 

Supporting Cinchona ammonium salts to polymers represents a convenient 
procedure for achieving an easy separation from the reaction mixture and 
recyclability when employed as PTC catalyst in important processes such as the 
enantioselective preparation of amino acids by alkylation of glycinate imines. 
Although a series of different approaches to anchored Cinchona ammonioum 
salts have been prepared in the last years, few of them have shown really 
efficient in this process. Still a supported catalyst able to perform this alkylation 
reaction in short reaction times, achieving high yields and very high 
enantioselectivities with all kind of electrophiles and retaining its properties after 
continuous recycling is a non-reached target. No doubt that more research will 
be devoted to this topic in near future. 
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Chapter 17 

Synthesis and Application of Chiral α-Amino Acids 
by Kinetic Resolution of Urethane-Protected α-Amino 
Acid N-Carboxyanhydrides with Modified Cinchona 

Alkaloid Catalysts 

Jianfeng Hang1, Yutaka Ishii2, Yoshiro Furukawa2,*, and Li Deng1,* 

1Department of Chemistry, Brandeis University, 
Waltham, MA 02454-9110 

2Research Laboratories, Daiso Company, Ltd., 9-Otakasu-cho, 
Amagasaki-shi 660-0842, Japan 

A general and efficient kinetic resolution of urethane-protected 
α-amino acid N-carboxyanhydrides (UNCA) that generates 
highly enantiomerically enriched α-amino acid derivatives in 
excellent yields is developed. Numerous UNCAs with 
different N-carbamoyl protecting groups and with a wide range 
of α-alkyl, α-aryl as well as α-alkenyl side chains are resolved 
with enzyme-like efficiency via this strategy. This modified 
cinchona alkaloid-catalyzed kinetic resolution of UNCA via 
alcoholysis provides a versatile and reliable route to optically 
active amino acid derivatives that are suitably protected for 
further synthetic elaborations. The reaction utilizes readily 
accessible substrates, cheap reagents, commercially available 
and fully recyclable catalysts and simple experimental 
protocols. These characteristics of the reaction render it a 
highly efficient, flexible and practical method for the 
asymmetric synthesis of α-amino acids. The further successful 
improvement of this cinchona alkaloid-catalyzed alcoholysis 
into a practical tool for large scale synthesis is made possible 
through the development of new and easily accessible 
cinchona alkaloid-based catalysts. The practical utility of this 
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new resolution method for large scale synthesis is highlighted 
in a multi kilogram scale asymmetric synthesis of pro-
pargylglycine, an unnatural amino acid that is a useful pharm
aceutical intermediate but difficult to prepare using metal-
catalyzed asymmetric hydrogénation of dehydro-amino acids. 

Introduction 

Acyl-transfer reactions use cheap reagents to transform readily available 
starting materials into useful and easily purified products. These characteristics, 
in combination with high enantioselectivity, enable acyl-transfer reactions to 
become highly valuable methods for asymmetric synthesis.1 The development of 
synthetic catalysts to mimic lipases/esterases with the goal of further expanding 
the scope of asymmetric acyl transfer catalysis is of both conceptual and 
practical significance for asymmetric catalysis.2 Although effective synthetic 
catalysts for the kinetic resolution of racemic alcohols using acyl-transfer 
reaction have emerged,3 efforts to develop small molecular-catalyzed kinetic 
resolutions of racemic amino acids derivatives have met with limited success 
despite their great potential in asymmetric synthesis of amino acids. 

Fu and co-worker reported that the dynamic kinetic resolution of azlactones 
can also be effected by alcoholysis in the presence of a planar-chiral ferrocene-
based DMAP derivatives.4 Recently, urea-based bifunctional organocatalysts 
also were used successfully by Berkessel and co-worker for this reaction.5 Pirke 
and Synder showed that kinetic resolution by esterification of N-acylated a-
amino acids proceed rapidly at hydrocarbon/water interfaces in the presence of a 
proline-derived chiral selector.6 Notte and Sammakia described that the kinetic 
resolution of α-trifluoroacetamido N-acyl oxazolidinethiones by a chiral O-
nucleophilic acyl transfer catalyst.7 

In this account, we describe the development of a highly efficient kinetic 
resolution of urethane-protected α-amino acid N-carboxy anhydrides (UNCAs) 
for the asymmetric synthesis of a broad range of α-amino acids with modified 
cinchona alkaloid catalysts8 and its practical scale applications.9 

The design of a kinetic resolution of U N C A via cinchona 
alkaloid-catalyzed alcoholysis 

In 2000, some of us discovered that modified cinchona alkaloids10 (1.1-1.7, 
Figure 1) catalyze a highly enantioselective and general desymmetrization of 
cyclic anhydrides via asymmetric alcoholysis.11 The sense of asymmetric 
induction with respect to the chirality of the cinchona alkaloid is consistently 
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predictable as summarized in Scheme 1. Whereas (DHQD)2AQN-catalyzed 
reactions give hemiesters 1.9 in 74-99% yields and 92-98% ee, ent-\.9 can be 
obtained in similar yields (71-95%) and equal or slightly lower ee (86-98%) with 
(DHQ)2AQN. 

Building on these results, we developed an efficient parallel kinetic 
resolution of monosubstituted succinic anhydrides 1.10 (Scheme 2).12 A wide 
array of 2-alkyl and 2-aryl succinic anhydrides were effectively resolved, 
generating two optically active hemiesters 1.11 and 1.12 by two simultaneous 
enantioselective and regioselective alcoholysis of the two enantiomers of the 
anhydrides as shown in Scheme 2. 

The analysis of the absolute configuration of the alcoholysis products 
derived from the succinic anhydrides 1.8 and 1.9 demonstrated that the removal 
of one of the two substituents on the meso succinic anhydrides 1.8 does not 
change how the (DHQD)2AQN-catalyzed alcoholysis recognizes the cyclic 
anhydrides 1.9 (Figure 2). We reasoned that this efficient and general cinchona 
alkaloid-catalyzed asymmetric alcoholysis might be used to differentiate the two 
enantiomers of other cyclic anhydrides such as the O- and jV-carboxyanhydrides 
(1.13 and 1.14, Figure 2). We became particularly interested in the kinetic 
resolution of jV-carboxyanhydrides 1.14 via cinchona alkaloid-catalyzed 
alcoholysis to generate optically active N-protected α-amino acid derivatives 
(Scheme 3). The alcoholysis of 1.14 generates the N-protected amino ester 1.15 
and C0 2 . With the amino group suitably protected, ideally with some protecting 
group which is commonly used in amino acid and peptide chemistry, amino ester 
1.15 will not interfere with the cinchona alkaloid-catalyzed alcoholysis by either 
initiating a polymerization of 1.14 or promoting a competitive amine-catalyzed 
alcoholysis of low enantioselectivity. Moreover, after the completion of the 
kinetic resolution, the remaining enantiomerically enriched 1.14 can be 
converted to the TV-protected amino acid 1.16 by hydrolysis (Scheme 3). The 
resulting reaction mixture, consisting of the Bronsted-basic amine catalyst, the 
acidic amino acid 1.16 and the neutral amino ester 1.15, can be separated using 
simple extractive procedures to give 1.15, 1.16 and the recovered cinchona 
alkaloid catalyst in desired chemical and optical purity. In light of the well 
established procedures for the conversion of racemic amino acids to 1.14, the 
development of an efficient kinetic resolution of 1.14 will establish a novel and 
practically attractive strategy for the asymmetric synthesis of α-amino acids. 

Identification of Optimal Catalyst and Solvent for the kinetic 
resolution of urethane-protected α-amino acid 

7V-carboxyanhydride (UNCA). 

When the jV-protecting group in 1.14 is a carbamoyl group (P = Z, Boc, 
Fmoc, Alloc), the compound is called a urethane-protected α-amino acid N-
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R 

5-20 mol% (DHQD)2AQN 1.6 

10 eq. MeOH 
R1 

R, 
ΌΗ 
,OMe 

1.9 0 92-98 % ee 

R1 
Ο 

1.8 5-20 mol%(DHQ)2AQN1.7 

10 eq. MeOH R, 

R1 

OMe 
.OH 

Ο 
enM.9 

86-98 % ee 

Scheme 1. Enantioselective desymmetrization of mes ο succinic anhydrides 

carboxyanhydride (UNCA). Optically pure UNCAs derived from naturally 
occurring proteinogenic α-amino acids were first synthesized by Fuller and 
collaborators13 in 1990 and many are commercially available now.14 They are 
used as chiral building blocks in peptide synthesis,136,15 the total synthesis of 
natural products,6and the synthesis of other compounds.17 

As shown in Scheme 4, the synthetic routes toward UNCAs 1.14 are 
straightforward and flexible. The NCA 1.21 is the key intermediate. Treatment 
of racemic α-amino acids 1.17 with phosgene13 or triphosgene18 (method A) 
provides NCAs in quantitative yields. When jV-protected Z-, Boc- and Alloc-
amino acids (1.18, 1.19, 1.20) are available, NCAs 1.21 can be synthesized 
directly from these acids by simply treating them with thionyl chloride or oxalyl 
chloride (method B). Converting NCAs 1.21 into 7V-Z-, N-Fmoc- and N-Alloc-
UNCAs is realized by reaction with the corresponding chloroformâtes in the 
presence of N-methylmorpholine (NMM) (method C). The combination of 
pyridine and Boc 20 is employed (method D) for the synthesis of N-Boc-UNCAs. 
Following the aforementioned routes, we prepared more than 30 racemic 
UNCAs conveniently from racemic α-amino acids 1.17 or N-Z-protected a-
amino acids 1.18 in 60-88% yields in most cases. 

We selected iV-Z-phenylalanine NCA 1.14a as a model substrate in the 
initial evaluation of key reaction parameters to establish optimal conditions for 
the kinetic resolution. Reaction of 1.14a with methanol (0.55 equiv) at room 
temperature in ether in the presence of (DHQD)2AQN 1.6 (10 mol %) and 4Â 
molecular sieves19 provided the desired methyl ester 1.15a in 82% ee at 40% 
reaction conversion, indicating that the kinetic resolution proceeded with a 
selectivity factor (s) of 16 (entry 1, Table 1.1). Following this promising lead, 
we subsequently found that the enantioselectivity of the kinetic resolution can be 
dramatically improved by carrying out the (DHQD)2AQN-catalyzed alcoholysis 
at low temperature. At - 60 °C the enantioselectivity of the kinetic resolution 
was found to reach a level (s = 79, entry 2, Table 1.1) comparable to 
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R V ^ L Chiral 

ROH amine R H20 R̂* 
NHP 1.16 

Ο 

OH 

Scheme 3. Kinetic resolution of Ν-carboxy anhydride I A4 

that of an efficient enzyme-catalyzed kinetic resolution. In the previous 
cinchona alkaloid-catalyzed alcoholysis of cyclic anhydrides, 4Â molecular 
sieves were not employed. However, in our preliminary studies of kinetic 
resolution of 1.14a with (DHQD)2AQN, when the reaction was repeated without 
4Â molecular sieves, it was sometimes found to proceed with lower 
enantioslectivity. We reasoned that the moisture in the substrate or from air 
during monitoring the reaction conversion and ee could hydrolyze UNCA to a 
relatively strong acid (compared to hemiesters); this acid could then form a salt 
with the basic catalyst, thus lowering the real catalyst loading in the reaction. A 
possible solution to this problem is to use a desiccant such as 4Â molecular 
sieves to remove trace amounts of water in the reaction mixture. As we 
expected, with the introduction of 4Â molecular sieves, the kinetic resolution 
provided reproducible results. 

A variety of natural and modified cinchona alkaloids were screened for their 
abilities to mediate the kinetic resolution of 1.14a via alcoholysis. The results 
are summarized in Table 1. While (DHQD)2AQN 1.6, a modified biscinchona 
alkaloid, stands as the most effective in our catalyst screening, a modified 
monocinchona alkaloid, DHQD-PHN 1.3, is also found to be a highly effective 
catalyst (entry 3, Table 1). However, (DHQ)2AQN 1.7 (entry 5, Table 1) is less 
effective for the kinetic resolution compared to its pseudoenantiomer 1.6. 
Particularly notable is the finding that excellent enantioselectivity could be 
achieved with quinidine 1.22, a natural cinchona alkaloid (entry 4, Table 1). 
Interestingly, under the same conditions, reactions with other closely related 
chiral amines including DHQD-CLB 1.1, DHQD-MEQ 1.2, (DHQD)2PYR 1.4, 
(DHQD)2PHAL 1.5 and an achiral amine quinuclidine 1.23, gave only 
minuscule conversions (1-6 %, Table 1). 

After the most effective catalyst was identified, the influence of solvents on 
the kinetic resolution was studied (Table 2). Not surprisingly, terf-butyl methyl 
ether (TBME) gives excellent results for the kinetic resolution similar to those 
obtained with diethyl ether. However, when THF was used, the selectivity and 
reactivity of the reaction decreased dramatically. Another finding of this study is 
that in terms of the solubility of the UNCA substrate at low temperature, toluene 
is the best choice of solvent. In general, nonpolar solvents are significantly 
better than polar solvents. 
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Table 1. Catalyst screening for kinetic resolution of 1.14a a 

Quinidine 1.22 Quinuclidine 1.23 

Entry Catalyst & Loading/mol% T/°C Time/h Conv/%d < se of1.15a/%c'* se 

1 (DHQD)2AQN 1.6 10 25 1 42 80 16 

2 (DHQD)2AQN 1.6 10 -60 22 50 92 79 

3 DHQD-PHN 1.3 20 -60 22 45 91 47 

4 Quinidine 1.22 20 -60 18 38 86 22 

5 (DHQ)2AQN 1.7 10 -60 18 38 84' 19 

6 DHQD-CLB 1.1 20 -60 22 1 - -

7 DHQD-MEQ 1.2 20 -60 22 4 - -

8 (DHQD)2PYR 1.4 10 -60 18 6 - -

9 (DHQD)2PHAL1.5 10 -60 22 1 - -

10 Quinuclidine 1.23 20 -60 18 4 - -
a T h e reaction was performed with 1.14a (0.1 mmol) in ether (7.0 mL). b Determined by GC analysis. 
c Determined by H PLC analysis. d The absolute configuration of 1.15a was determined by comparison 
of its sign of optical rotation with the literature value. β The selectivity factor s was calculated using the 
equation s = k/ks =ln[1 - C(1 + ee)J/ln[l - C(1 - ee)], where ee is the percent enantiomeric excess of 
the product (1.15a) and C is the conversion, 'ee of (S)-1.15a. 
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Table 2. Solvent screening for kinetic resolution of 1.14a a 

_ /? (DHQD)2AQN1.6(10mol%) 9 ^ Ρ 
Ρ Μ ">Λ M e O H ( a 5 5 e q- ) •> - ™ τΛ> 

Z N V solvent, 4A MS NHZ Z I W 
Ο -60 °C, 40 h Ο 

1.14a 1.16a (S)-1.14a 

Solvent Conv./% ee of1.15a/% s 

Et 20 48 94 79 

TBME 47 91 60 

toluene 48 88 41 

THF 13 89 19 

CH 2CI 2 53 74 16 

DM F 47 3 1.1 

a For details, see footnotes in Table 1. 

Preparative Reaction and Catalyst Recycle 

The practical features of the kinetic resolution were demonstrated in a 
preparative scale resolution of 1.14a (4.0 mmol). Under the optimized 
conditions, the modified cinchona alkaloid-catalyzed alcoholysis of 1.14a 
proceeded cleanly with an s of 114 (s = 79 for a 0.1 mmol scale kinetic 
resolution, see entry 2, Table 1). When half of 1.14a was consumed, aqueous 
HC1 (2N) was added to the reaction mixture and the resultant mixture was 
allowed to warm to room temperature. The basic catalyst (DHQD)2AQN 1.6 
was transformed to its hydrochloric salt and stayed in the aqueous phase, while 
the neutral product 1.15a and enantioenriched 1.14a were the only two 
detectable species remaining in the organic phase. The mixture of 1.15a and 
1.14a concentrated from the organic phase was subjected to a solution of water 
in THF. Under this mild hydrolysis condition, 1.14a was converted to the 
corresponding amino acid 1.24a selectively. Acid 1.24a was then conveniently 
separated from the neutral amino ester 1.15a by an extraction with basic sodium 
carbonate solution followed by neutralization with concentrated HC1. After this 
facile extractive procedure, 1.15a and 1.24a were obtained quantitatively as pure 
compounds. Catalyst (DHQD)2AQN was recovered from its hydrochloric salt 
also in a quantitative fashion by a basification and a subsequent extraction. The 
recovered catalyst was used directly for another preparative resolution on the 
same scale, showing no detectable deterioration in catalytic activity and 
selectivity (cycle 2, Table 3). 
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Table 3. Preparative scale kinetic resolution of 1.14a with recycled 
(DHQD)2AQN 

Q / Γ Μ ir\r\\ A m i Λ e> t A r\ in/ \ 0 Ο 

« M , 
1.14a ° 

(4.0 mmol) 

(DHQD)2AQN1.6(10mol%) 
MeOH (0.55 eg.) 

Et 20, MS (4A) 
-60 °C, 17 h 

OMe 

(S)-1.14a 

HoO 

ee (yield b) /% 
Cycle Conva 

1.15a 1.24a s 

1 51 93 (48) 98 (48) 114 

2 e 52 91 (49) 98 (47) 104 

NHZ 

(R)-1.15a 
Ο 

Pri OH 
NHZ 

(S)-1.24a 

aThe conversion, calculated using the equation: C = 100 X ee1,14a/(ei.i4a + ©nea). i s 

consistent with that determined experimentally. b Isolated yield. c Reaction is performed 
with recycled (DHQD)2AQN 
SOURCE: Reproduced from reference 8a. Copyright 2001 American Chemical Society. 

Kinetic Resolution of a-Alkyl and α-Aryl UNCAs 

The scope of the reaction was found to be extremely general. Clean kinetic 
resolutions of extraordinarily high enantioselectivities were attainable with an 
extensive range of UNCAs (Table 4). Following the same extractive procedure 
used for the isolation of 1.15a and 1.24a, the optically active α-amino esters 1.15 
and amino acids 1.24 derived from kinetic resolutions of racemic 1.14 were 
routinely obtained with a combined yield of greater than 90%. Both α-alkyl- and 
aryl- substituted UNCAs were resolved with exceptional enantio-selectivities. 
The presence of heteroatoms (entry 7, Table 4) and heterocycles (entry 5, Table 
4) in the substrates has no negative effect on the efficiency of the kinetic 
resolution. Even with a substrate bearing an α-branched alkyl side chain, the 
resolution can be accomplished with a synthetically useful enantioselectivity at 0 
°C (entry 8, Table 4). Furthermore, the reaction is remarkably tolerant of 
structural variations of the protecting group, thus permitting the efficient 
syntheses of Z-, Alloc-, Boc-, and even the base-sensitive Fmoc-protected amino 
acids and esters in high optical purity and excellent yields. Among all the cases 
examined, (Λ)-1.15 and (5)-1.24 were obtained consistently from the 
(DHQD)2AQN-catalyzed kinetic resolution of racemic 1.14 (a-c, e, g-n). 
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Improvement of Cinchona Alkaloids Catalyst 

The first problem for industrial application was the availability of the 
modified cinchona alkaloid catalysts (DHQD)2AQN and (DHQ)2AQN. These 
were originally developed as chiral ligands for Sharpless' Os-catalyzed 
asymmetric dihydroxylation of simple olefins.20 Although these ligands are 
available on a laboratory scale,21 it is difficult to obtain them in the quantities 
typically required for industrial applications due to the difficulty of their 
synthesis. 

Initially we explored the use of the inexpensive quinidine itself as a catalyst 
in the kinetic resolution of UNCAs, even though this resulted in a little lower 
enantioselectivities. However, upon careful analysis of reactions in which 
recovered quinidine was reused as a catalyst, we discovered that the purity of the 
catalyst gradually decreased. We determined that the decreasing purity was 
caused by a reaction of the UNCA with the secondary alcohol group in 
quinidine. When kinetic resolutions of UNCAs were performed using these 
adducts as the catalyst, we found that the enantioselectivity of the alcoholysis 
was almost completely lost, confirming that the reuse of quinidine catalyst is not 
practical. 

Thus, we decided to return to the original method which uses quinidine 
derivatives in which the secondary alcohol is protected. We synthesized various 
simple 0-protected quinidine derivatives and screened them in the kinetic 
resolution of N-Z-phenylalanine UNCA 2.1 with ethanol. Consequently, we 
determined that 0-alkylated quinidine derivatives displayed high 
enantioselectivity in this kinetic resolution (Table 5). Above all, O-
propargylquinidine (OPQD) and 0-/-butoxycarbonylmethyl quinidine proved to 
be more enantioselective catalysts than (DHQD)2AQN. The fact that these 
simple O-alkylated quinidines can be much more easily prepared than (9-arylated 
ones such as (DHQD)2AQN is particularly attractive.22 Cinchona alkaloids are 
typically reacted with alkylation agents such as benzyl and allyl halides to yield 
N-alkylated and (9-bisalkylated derivatives. These compounds have found 
significant utility as phase-transfer organocatalysts in the asymmetric alkylation 
of glycine benzophenone imines derivatives for the synthesis of chiral α-amino 
acids.23 When the alkylation is carried out in NaH-DMF, the resulting alkoxide 
on the 9-position in quinidine is more nucleophilic than the quinuclidine nitrogen, 
and O-alkylation takes place rather than N-alkylation.24 The catalytic activity of 
the corresponding quinine derivatives, (9-propargylquinine (OPQ), was also 
superior to that of (DHQ)2AQN. Thus, the Opropargyl derivatives of quinine 
and quinidine (OPQ and OPQD, respectively) could be readily prepared on large 
scale without using column chromatography for purification (Scheme 5). These 
catalysts are stable and can be readily recycled via pH controlled extractions and 
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Table 5. Screening of O-alkylated cinchona alkaloid catalysts in kinetic 
resolution of UNCA 2. Γ 

Ο catalyst (20 mol%) Ο 0 

Ρ , - γ Λ , E t 0 H < ° 6 ^ P h - ' Â o E t • P h ^ 0 

Z N - ( NHZ Z N > ( 
Ο Ο 

2.1 2.2 <S)-2.1 

Ο 
MeOH Ι 

PIT γ OMe 
NHZ 

2.3 

ee (yield)/% 
cinchona alkaloid catalyst conv/% ester 2.2 (5)-2.1b i c 

(DHQD)2AQNd 54 83 (48) 98 (40) 46 
O-Me-QD 57 74(51) 99 (35) 30 
0-Bn-QD 58 70 (50) 98 (34) 22 
0-allyl-QD 55 80 (49) 99 (37) 40 
O-propargyl-QD (OPQD) 52 90 (45) 99 (45) 83 
0-'BuO2CCH2-QD 51 93 (44) 98 (45) 114 
(DHQ)2AQN4e 57 74 (48) 98 (38) 30 
O-propargyl-Q (OPQ)e 53 86 (47) 98 (42) 55 

1 The reaction was performed with 2.1 (1.0 eq), catalyst (0.2 eq), ethanol (0.6 eq) in ether 
at -60 °C. b Yield and enantiomeric excess of (5)-2.1 were measured as the corresponding 
methyl ester 2.3, see experimental section for detail.c Selectivity factors, s = kf/ks = ln[l-
C(l+ee)]/ln[l-C(l-ee)], where ee is the percent enantiomeric excess of ester and C is the 
conversion.d 0. leq Catalyst was used.e An opposite enantiomeric pair was obtained with 
(DHQ)2AQN and OPQ as the catalysts. QD = quinidine, Q = quinine, DHQD = 
dihydroquinidine, DHQ = dihydroquinine 
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^ 0 , 3 

propargyl bromide 
NaH 

Ν ^ 
OPQD 

OMe 

quinidine 

or 
DMF 

quinine 

MeO. 

Ν 
OPQ 

Scheme 5. Preparation of improved cinchona alkaloids catalyst OPQD 
and OPQ 

are thus suitable for industrial application. We carried out the synthesis of OPQ 
on pilot plant scale and successfully prepared 100 kg of catalyst.25 

Large-Scale preparation of (5)-iV-Boc-propargylglycine 

We selected propargylglycine, an unnatural amino acid, for large-scale 
production by kinetic resolution of UNCAs with the newly developed modified 
catalyst, because this amino acid is a useful pharmaceutical intermediate and 
difficult to prepare using Rh-BINAP catalyzed asymmetric hydrogénation of 
dehydroamino acids.26 

In our original procedure,88 the UNCAs are prepared from racemic amino 
acids via a reaction with phosgene, followed by /V-carbamate-protection. Since 
their hydroscopic nature makes many amino acids difficult to handle and 
phosgene is highly toxic, an alternative route for efficient, large-scale synthesis 
was developed. Our optimized procedure for the preparation of (S)-N-Boc-
propargylglycine 2.10 is shown in Scheme 6. Racemic N-Z-propargylglycine 2.6, 
prepared in 52% overall yield from racemic propargyl glycine 2.5 following a 
literature procedure,27 was protected in situ as a benzyl carbamate. A one-pot 
process consisting of cyclization induced by thionyl chloride28 and subsequent 
iV-Boc protection provided the desired racemic N-Boc-propargylglycine UNCA 
2.8 in an overall yield of 62%. 
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propargyl bromide 
EtOOCyCOOEt t B u 0 K aq.NaOH aq. HC»| 

NHAc 

2.4 

NHZ 

COOH 

2.6 

SOCb 
HN 

2.7 

COOH 

NH 2 

2.5 

Boc 20 
pyridine 

62% 

ZCI 
aq.NaOH 
54% 

Ο 

b 
BocN 

2.8 

OPQD (0.2eq) 
MeOH (0.55 eg) 
toluene 

VM1 8 4 % 6 6 

0 M e 50% yield 
NHBoc 
2.9 
; aq.NaOH 

SOCI2 

! BOC20, pyridine 
^ prolonged mixing 

2.8 

BocN^/ 

(s)-2.80 

|H2O 
Ο 

OH 
NHBoc 
2.10 

99% ee 
41% yield 

Scheme 6. Optimized procedure for the preparation of (S)-N-Boc-
propargylglycine 2.10 

The alcoholysis of racemic 2.8 (1.0 equiv) with OPQD (0.20 equiv) and 
methanol (0.55 equiv) at -60 °C on a 50 L scale, followed by hydrolysis of 
unreacted (5)-2.8, afforded (^-TV-Boc-propargylglycine 2.10 in 41% yield and 
with 99% ee via a simple extraction procedure. The catalyst was easily recovered 
quantitatively by treatment of the aqueous solution with NaOH 
followed by extraction with toluene. The recovered catalyst was pure according 
to 'H NMR, and could be used for repeating the kinetic resolutions to give the 
desired product with consistently high ee and yield. Although ee of the 
byproduct (/Q-N-Boc-propargylglycine ester 2.9 is lower, it can be easily 
recycled as the racemic starting material 2.8 by regenerating the UNCA via 
hydrolysis of 2.9 racemized and stirring this under basic conditions at room 
temperature for a few hours. 

If the desired product is the enantiopure amino ester, esterification of the 
enantiopure amino acid obtained from the kinetic resolution would be necessary. 
We have developed a convenient 'continuous alcoholysis' procedure to directly 
generate the desired enantiopure amino ester from the resolution process. 

  
 



Scheme 7. Synthesis of Enantiopure Amino Ester 2.12 via Continuous 
Alcoholysis of UNCA 2.8 

Specifically, enantiopure 2.12 (>99% ee) was easily obtained by the following 
sequence: 1) kinetic resolution of racemic 2.8 with OPQD and CF 3 CH 2 0H, as 
described above, to produce the (5)-2.8 in >99% ee; 2) methanolysis of 
unreacted (5)-2.8 in situ at -60 °C to 0 °C to form enantiopure amino ester 2.12; 
and 3) selective hydrolysis of 2.11 in the mixture of 2.11 and 2.12 in DMF-aq. 
NaOAc (Scheme 7). This sequence provides an attractive route to (S)-N-Boc-
propargylglycine 2.12 in 39% overall isolated yield from racemic 2.8. 
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Chapter 18 

Stereoselective Synthesis of Quaternary, 
α-Vinyl Amino Acids and Their α-(2'Z-Fluoro)vinyl 
Congeners: Promising Candidates for PLP Enzyme 

Inactivation 
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and Michelle L. Morris 
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This chapter provides an overview of a program directed at the 
synthesis of amino acids (AA's) bearing a vinyl substituent in 
place of the usual α-proton. These quaternary amino acids are 
of interest, in and of themselves, as mechanism-based 
inhibitors of pyridoxal phosphate dependent enzymes, and also 
as building blocks for natural product or peptide synthesis. 
Importantly, these unnatural amino acids also serve as 
synthetic precursors for α-halovinyl AA's and α-oxiranyl 
AA's. Stereoselective synthetic methodology development in 
this area is highlighted and the initial performance of the α-
(2'Z-fluoro)vinyl trigger in an amino acid decarboxylase 
(AADC) active site is described. Interestingly, at least for H. 
alvei lysine decarboxylase (LDC), inactivation with this 
trigger, along the α-branch, displays a marked enantio– 
dependence, with the L-antipode giving efficient inactivation, 
and its mirror image behaving as a simple substrate. 
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The structural root of the family (/) of α-vinyl AA's is α-vinylglycine, a 
natural product isolated from mushrooms (2) that inactivates a number of 
pyridoxal phosphate (PLP)-dependent transaminase enzymes (3,4) and 1-
aminocyclcopropane-l-carboxylate (ACC) synthase (5). The ability of this β,γ-
unsaturated amino acid to inactivate PLP enzymes that normally labilize the C-
a-H bond probably inspired the design and development of γ-vinyl-GABA 
(gamma-aminobutryric acid), or Vigabatrin, as a suicide substrate for GABA 
transaminase (6), an enzyme that normally labilizes the Cy-H bond (Figure 1). 
Elegant early mechanistic studies by Silverman (7) and John (8), suggested that 
this trigger functioned by a transamination/conjugate addition mechanism. 
Indeed, this mechanism has now been confirmed by x-ray crystallographic 
studies of the adducted enzymes, for both a-vinylglycine (9) and γ-vinyl-GABA 
(10), with these structures firmly establishing the active site lysine as the 
nucleophile captured, in both cases. 

As is illustrated in Figure 1, if one now replaces the α-hydrogen in 
vinylglycine with a normal amino acid side chain, one arrives at a quaternary, a-
vinyl AA design for potential inhibitors of PLP-dependent decarboxylases or 
retroaldolases, i.e. enzymes that cleave the Ca-C0 2- or Ca-R bonds, 
respectively. At the same time, such inactivator candidates should be completely 
innocuous toward PLP-enzymes that are mechanistically constrained to a-
deprotonate, including transaminases, racemases, β- and γ-eliminases, and β-
and γ-replacement enzymes. This inherent specificity makes such an inactivator 
design all the more attractive and this inspired the groups at Merck (//) and 
Marion-Merrell Dow (12,13), and our own group (14) to pursue this design for 
AADC inactivation. The same substructure appears in the l-amino-2-
methylenecyclcopropane-l-carboxylate cleverly designed by Liu and coworkers 
as an ACC deaminase inactivator (15,16). 

This design is also attractive because the vinylic α-branch is readily 
functionalizable, making quaternary α-vinyl AA's the centerpieces of a program 
directed at the development of new mechanism-based inactivators (MBI's) for 
AADC's. As is illustrated in Figure 1, the vinyl trigger can be exchanged for 
various halovinyl triggers, and for diastereomerically homogeneous oxiranyl 
triggers. Hence, dihydroxylation of jV-Cbz-proected α-vinyl AA's (17), 
followed by selective mesylation of the primary alcohol and ring closure allows 
one to obtain cleanly the erythro- and threo-oxivanyl AA's (18), with potential as 
either MBI's for PLP enzymes or affinity reagents directed at other active sites, 
within carefully tailored peptidyl contexts. On the other hand, treatment of N-
trifluoroacetyl-protected α-vinyl AA's with PhSeX, followed by selenide 
oxidation and selenoxide elimination, leads preferentially either to a-[2'£-
chloro(bromo)]vinyl AA's or a-[l'-chloro(bromo)]vinyl AA's (19), under 
thermodynamic, or kinetic conditions (20,21), respectively. Most recently, we 
have demonstrated that one can selectively exchange out the terminal vinyl 
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Figure /. Fro/w α-vinylglycine to quaternary α-vinyl AA's 

carbon atom by an ozonolysis/McCarthy fluoromethylenation (22,23) sequence 
that results in the corresponding cc-(2'Z-fluoro)vinyl AA's (24). 

So, while the divergent nature of this chemistry is attractive, this places the 
real synthetic burden here on the development of efficient and stereoselective 
routes into the the parent, α-vinyl AA's. Pioneering work in this area was 
performed by the groups of Schôllkopf (25), Seebach (26-28), Hegedus (29) and 
Williams (30). Additionally, there were early indications from the work of 
Metcalf (31) and Steglich (32) that, using α,β-unsaturated sulfones as vinyl 
cation surrogates, one could achieve a formal α-vinylation of suitably protected 
AA-derived ester enolate equivalents. It should also be noted that a number of 
groups have demonstrated the synthetic utility of a-vinylic amino acids as 
building blocks for synthesis (33-41), providing additional applications beyond 
their role as key precursors to new enzyme inactivators. 

We developed perhaps the most general approach to the formal a-
vinylation, in which N-benzoyl-protected α-amino ester-derived dianions are 
condensed with ethylene oxide, as convenient vinyl cation equivalent (42). The 
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intermediate β-alkoxy ester cyclizes, in situ, to the corresponding, quaternary, a-
substitituted homoserine lactone, bearing the side chain of the starting of the 
amino acid (Figure 2). Note that one can chemoselectively cleave these 
lactones, nucleophilically, at the β-carbon using a new, borane-free, 
phenylselenolate reagent, developed for this purpose (43). Selenoxide pyrolysis 
then installs the vinyl group. Interestingly, quite an array of functionalized 
amino acid side chains, including those of lysine, homoserine, histidine and 
DOPA can be carried as the α-branch on the dianionic intermediates. This route 
gives racemic, quaternary, a-vinylic amino esters. Reduction to the 
corresponding alcohols, allows for a partial resolution through a lipase-mediated 
"reverse tranesterification" procedure with vinyl acetate as acyl donor (44). 

(±) MeQ 2LDA 

TMEDA 
MeO 

Ph 

Ο 

sNHBz 

PhSeSePh 

(MeO)3BHNa 

then CH 2N 2 

AA-derived dianion 

(i) 0 3, Δ 

Me02C' "NHBz 
(ii) H 30 + 

PhSe^ 

(±) ΘΟ. 
NH3 

Θ 

Figure 2. Formal a-vinylation of AA-derived dianions - Ethylene oxide as a 
vinyl cation equivalent 

Encouraged by the success of this AA-derived dianion alkylations, we next 
moved to engineer a stereoselective version of this chemistry. Initially, it was 
found the corresponding alanine-derived dianion, bearing a phenmenthyl ester 
auxiliary could be used to introduce a wide variety of side chains with high 
levels of diastereoselection (45). This provided a useful route into α-methyl 
AA's (46-59), themselves of interest for engineering helical secondary structure 
in peptides (60-62), and for unnatural amino acid mutagenesis (63). Attempts to 
alkylate the analogous chiral dianion from N-Bz-phenylalanine showed little 
diastereoselectivity, thereby motivating us to turn the tables. Thus, rather than 
α-vinylate a chirally-biased AA-derived dianion, we chose to examine the a-
alkylation of a chiral vinylglycine-derived dianionic dienolate (Figure 3). After 
some experimentation, it was found that the β-naphthylmenthyl d'Angelo ester 
auxiliary [(64,65) derived from pulegone] confers a significant facial bias upon 
its derivative N-Bz-vinylglycinate enolate. Imidate chelation is believed to 
control enolate geometry, such that s/-face alkylation is favored and quaternary 
Ι-α-vinyl amino acids are produced (66,67). More recently, we have turned to 
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the analogous Comins auxiliary (derived from cyclohexene oxide) which is 
simply the nor-methyl analogue of the d' Angelo auxiliary, and which, via lipase-
mediated kinetic resolution, is available in both antipodal forms (68). With this 
modification, this vinylglycine-derived dienolate alkylation methodology 
provides access to both L- and D-quaternary α-vinyl AA's (69). 

(fR,2S)-auxiliary • > s/-Face Alkylation 

LDA, 2 n-BuLi 
10% HMPA-THF 

-78°C ' 
then RX 

(fS,2/?)-auxiliary \ > re-Face Alkylation 

M$ Ν Ph 

LDA, 2 n-BuLi 
I] L i 10% HMPA-THF 
O" 

-78°C 
then RX 

Ph 

0 R = 

Η Ο 

L-quaternary 
α-vinyl AA's 

= \ R u 

Ο Η 

D-quaternary 
α-vinyl AA's 

Figure 3. Selective synthesis of L- and D-quaterary, a-vinyl AA's via alkylation 
of chiral vinylglyine-derived dianionic dienolates - acyclic stereocontrol 

While the aforementioned methodology serves as an excellent example of 
acyclic stereocontrol, and demonstrates significant generality with respect to side 
chain electrophile, it requires auxiliary synthesis, installation and removal. Thus, 
a complementary "self reproduction of chirality" [SRC (70); alternatively 
dubbed "self generation of stereocenters" (SRS) (26). Note: A referee has 
suggested that the terms "memory of chirality" or "chiral relay" might also be 
used to describe this strategy] approach was developed, in parallel. Beginning 
from I-vinylglycine, itself accessible from L-homoserine (71), for example 
(39,72-77), a low-temperature episelenonium-mediated cyclization masks the 
double bond, but preserves the α-stereocenter [Figure 4 (78)]. The resultant 
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enantiomerically enriched cis- and /ra^-oxazolines are separable chromato-
graphically, but give rise to enantiomeric enolates upon a-deprotonation. 
Enolate alkylation occurs with virtually complete 1,2-stereoinduction via the new 
β-stereocenter, allowing for introduction of the side chain with either D- or L-
stereochemistry, depending upon the choice of oxazoline precursor. The 
subsequent alkene-unmasking sequence leads consecutively to the corresponding 
protected the a-(2'£-phenylseleno)vinyl- and the a-(2'£-tributylstannyl)vinyl-
AA's. The latter are useful building blocks for chain-extended β,γ-unsaturated 
amino acids, via transition metal-mediated cross coupling chemistry (79). 
Interestingly, the direct transformation of vinylselenides to vinyl stannanes 
uncovered here was unprecedented, and constitutes a new method for the 
installation of vinyl stannanes, in general. 

While the methods illustrated in Figures 3 and 4 allow for the highly 
stereoselective construction of quaternary, α-vinyl AA's, both use stoichiometric 
chirality, in the form of either a chiral auxiliary, or a chiral educt, respectively. 
Hence, recent efforts in the group have focused on the development of transition 
metal catalyzed processes that lead into β,γ-unsaturated amino acids. As is 
depicted in Figure 5, one such approach involves a formal aza-Claisen 
rearrangement of JV-p-methoxyphenyl (PMP)-trifluoroacetimidates. Early work, 
as part of the M.S. studies of Huijie Li in this group in 2001, demonstrated the 
particular utility of this new imidate functionality for fashioning quaternary 
allylic amines, via Pd(II)-catalyzed rearrangement (80,81). Subsequently, 
Overman disclosed an asymmetric rearrangement of such imidates, though not 
toward quaternary centers (82). This result, when combined with a number of 
reports from the Overman group (83-85), as well as the Hayashi (86) and Kang 
(87) groups, on asymmetric allylic imidate rearrangements suggests that 
asymmetric variants of this new Pd(II)-mediated route to quaternary, α-vinyl 
AA's may be achievable. 

Another recent foray into catalytic, transition metal-mediated bond 
constructions toward β,γ-unsaturated AA's is illustrated in Figure 6. Here an 
intramolecular allylic amination of an internal carbamate nucleophile, 
presumably upon an intermediate π-allyl-metal species serves to for the Ca-N 
bond. This reaction served as the very first targeted transformation for a project 
on our laboratory on In Situ Enzymatic Screening (ISES) (88-90). In ISES 
approaches to combinatorial catalysis, enzymes serve as catalytic reporters to 
provide an immediate spectrophotometric readout upon the performanance of the 
transition metal catalyst being screened. This screen was performed in multiple 
cuvette format with automation, to parallel process a number of candidate 
transition metals, ligands and jV-protecting groups for the targeted trans
formation. 

Ni(0) emerged as the best non-Pd catalyst screened, with the combination of 
a Ni(cod)2 pre-catalyst complex, bis-l,4-(diphenylphosphino)butane (dppb), and 
/7-methoxyphenyl N-protecting group emerging as optimal from the original 
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Cu(l) or Pd(0)-mediated 
side chain installation 

THPO 
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R NH3 
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n-BuLi, F 3C CI 

-78 °C ' 

.PMP F 3C. 

PMP-N 
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THPO-

V q 

R N-PMP Pd(ll)-cat. 

Figure 5. A Ρ d(II)-mediated allylic imidate rearrangement route to quaternary 
a-vinylic AA's. 

ISES-optimized transformation 

Ni(cod)2 

EtO 

PMR Ο 

(88%, 75% ee) 
(64%, 97% ee) 

single recrystallization 

NH2 

Ο 
L-vinylglycine | 

Figure 6. ISES identifies the first asymmetric Νi(0)-mediated allylic amination 
- catalytic asymmetric entry into L-vinylglycine. 
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ISES experiments. This suggested that one might be able to develop the first 
known asymmetric allylic amination reaction with Ni(0). Indeed, follow-up 
work, involving the screening of bidentate P,N- (91) and /^-ligands with 
central, planar and axial chirality turned up a number of enantioselective 
systems, with the methoxy-BIPHEP ligands supporting especially rapid catalysis, 
while maintaining enantioselection (Figure 6). With a single recrystallization, 
this led to the first, asymmetric Ni(0)-mediated synthesis of L-vinylglycine (92), 
complementing reports in this direction, by Trost (93,94), Alper (95) and 
Hayashi (96), with Pd(0). 

With a number of methods in hand to construct the key, quaternary, ct-
vinylic amino acids, it became important to establish an efficient mechanism for 
preserving the absolute stereochemistry and parlaying the α-vinyl trigger into a 
terminally fluorinated halovinyl trigger. As is delineated in Figure 7, it was 
readily established that the combination of ozonolysis to the protected, 
quaternary, α-formyl AA, and McCarthy fluoromethylenation (22) served this 
purpose well (24). Moreover, the olefination reaction was found to be highly 
stereoselective in this quaternary AA context, giving the £-fluorovinyl phenyl 
sulfones, which ultimately translate into a-(2'Z-fluoro)vinyl AA final products. 

•HMDS 

HSnBu3 

AIBN, Δ 

Figure 7. From enantiomerically enriched α-vinyl amino acids to the 
corresponding a-(2 'Z-fluoro)vinyl amino acids 

These quaternary, 2'-fluorovinyl AA's (97) are designed to be delivered to 
their cognate AADC's through side chain recognition and transimination to 
external aldimine I. Mechanism-based inactivation is then postulated to follow, 
provided that α-decarboxylation and then errant protonation occur (Figure 8). If 
protonation of the putative quinonoid intermediate (II) occurs at the a-position, 
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then simple turnover to a-(2Z,-fluoro)vinylcadaverine (FVC) occurs. Indeed, 
this is precisely what is seen with the D-antipode of a-(2'Z-fluoro)vinyllysine 
(FVL) in the active site of lysine decarboxylase (LDC) from the bacterium H. 
alvei, chosen as model AADC (69). On the other hand, errant protonation at C 4 ' 
of the PLP cofactor opens up an addition/elimination pathway for enzyme 
alkylation. Alternatively, Cy-protonation could lead to inactivation via 
electrophilic (α,β-unsaturated iminium ion (VIII) formation) and/or nucleophilic 
pathways [Metzler enamine mechanism (98-100)]. 
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H 3(T + N j C 0 2 
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Figure 8. Proposed AADC inactivation pathways for a-(2 'Z-fluoro)vinyl-AA's 
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Note that fluorine is postulated to serve an important mechanistic role in this 
trigger, particularly in the two electrophilic mechanisms, but fluorine has an 
ancillary analytical role here. Namely, each errant protonation is projected to 
lead to fluoride release, detectable by fluoride electrode or by , 9 F NMR. As can 
be seen in Figure 9, one can thus discern valuable partition ratio information 
directly from a , 9 F NMR spectrum of LDC inactivation with Ζ,-FVL. The FVC 
turnover product displays a clearly resolved signal indicative of a-protonation. 
All told, the combination of 1 in 3.2 errant protonations, followed by 1 in 5 of 
these leading to inactivation of LDC gives an overall partition ratio of 16 ± 2. 
The high errant protonation rate seen in this model AADC active site is 
promising, as, by design, altered protonation is required for trigger actuation. 
Given this, the high enantioselectivity of inactivation and the favorable 
inactivation kinetics seen (ti / 2 ~ 3 min), it will be of interest to examine this 
trigger in other AADC active sites. 

I L-FVL a 
Inactivation of LDC 

a 

bv L-FVL 

1 llll 
— τ - ι — ι ι —ι ι ι I ' ' ' ι ι 
-116 -117 -118 -119 -120 -121 -122 -123 -124 ppm 

Spiking with KF 

fluoride 

• ' ι ι ι ι ι ι ι 1 
"1 16 -1 17 -118 -119 -120 -121 -122 -123 -124 ppm 

Spiking with 
authentic FVC 

' ' ' I ' ' ' ' ' ' I ' ' I I , ! 
-116 -117 -118 -119 -120 -121 -122 -123 -124 ppm 

Figure 9. Inactivation of LDC with L-a-(2 'Z-fluoro)viny I lysine as observed by 
19 F NMR (564 MHz; a), and spiking with KF (b) and FVC (c) standards 
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Chapter 19 

Preparation of Chiral Amino Acid Intermediates 
for Synthesis of Pharmaceutical Compounds Using 

Amino Acid Dehydrogenases 

Ronald L. Hanson 

Process Research and Development, Bristol-Myers Squibb, 
One Squibb Drive, New Brunswick, NJ 08903 

Amino acid dehydrogenases are useful for preparation of L- or 
D-α-amino acids from the corresponding α-keto acids. The 
reactions require NH3, NAD(P)H and a second enzyme, 
usually formate or glucose dehydrogenase, for regeneration of 
the NAD(P)H. The enzymes are effective at high substrate 
concentrations and have very high enantioselectivity. 
Examples of the use of amino acid dehydrogenases for the 
preparation of some chiral intermediates used for the synthesis 
of drug candidate compounds are described. 

Introduction 

α-Amino acids are useful intermediates for preparation of many 
pharmacologically active compounds. Several enzymatic approaches have been 
applied for the preparation of both D and L-amino acids including hydantoinases 
combined with carbamoylases or HN0 2 , (1-4) N-acylases, (1,5) amidases, (6,7) 
hydrolysis of esters with esterase or proteases, (8-10) transaminases, (11,12) 
and amino acid dehydrogenases. Of these approaches, we have found the 
reductive amination of ct-keto acids using amino acid dehydrogenases to be one 
of the most useful methods because the enzymes have good stability, broad 
substrate specificity and very high enantioselectivity, are effective at high 
substrate concentrations, and the reactions have favorable equilibria which are 
further enhanced when the reductive aminations are coupled to a suitable 
enzymatic cofactor regeneration system. Recent excellent reviews on the amino 
acid dehydrogenases cover the sources, substrate specificities and other 
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properties of available enzymes, enzyme structures and reaction mechanisms, 
and some examples of their synthetic utilities (13,14). 

An example of a reductive amination reaction is shown in figure 4. 
Performing reductive amination reactions requires first screening a collection of 
amino acid dehydrogenases against the intended keto acid substrate to find the 
most effective enzyme. Commercially available enzymes may be screened or a 
suitable enzyme may be found by screening cell extracts from likely source 
strains in a culture collection. In cases where the gene sequence for the amino 
acid dehydrogenase has been reported, the gene can be cloned from the source 
organism using PCR, and the enzyme expressed in E. coli or other host. 

A second enzyme is needed for regeneration of the pyridine nucleotide 
cofactor. For most enzymes, the required cofactor is NADH but NADPH is 
required in some cases. Yeast formate dehydrogenase is commonly used for 
NADH regeneration, (15-17) and glucose dehydrogenase usually from Bacillus 
species may be used for either NADH or NADPH regeneration (18,19). Mutated 
formate dehydrogenases from Pseudomonas (20) and Saccharomyces cerevisiae 
(21) capable of NADPH regeneration have also been described. Formate 
dehydrogenase has the advantage that the product CO2 is easy to remove from 
the reaction. Glucose dehydrogenase has the advantages of working with either 
NAD or NADP and having a much higher specific activity than formate 
dehydrogenase. Amino acid dehydrogenase reactions have E° of -0.13 to -0.14 
V (22). Using the glucose dehydrogenase (E° of -0.45) (22) or formate 
dehydrogenase reactions (E° of -0.42V) (22) to regenerate NADH provides a 
large Δ Ε 0 to drive the reaction to completion. Phosphite dehydrogenase has also 
been recently introduced for regeneration of NADH (23) and a genetically 
evolved version for regeneration of NADPH has also been reported (24). 
Glucose, formate and phosphite dehydrogenases are all commercially available. 
When the enzymes are prepared by fermentation rather than obtained from a 
commercial supplier, it may be advantageous to clone and express both the 
amino acid dehydrogenase and cofactor regeneration enzymes in the same host. 

Reaction conditions are chosen that are compatible with both enzymes and 
also with the stability of the keto acid substrate. Because the reactions go nearly 
to completion, the product is readily isolated either by direct crystallization or 
by adsorption at low pH on a Dowex-50 H + resin, washing with water, then 
elution with NH 4OH solution. Some examples of the use of amino acid 
dehydrogenases to prepare chiral intermediates for synthesis of drug candidate 
compounds are given below. 

L-P-Hydroxyvaline 

L-P-hydroxyvaline (1), an intermediate used for synthesis of the 
monobactam antibiotic drug candidate tigemonam (Figure 1), was initially 
prepared from racemic β-hydroxyvaline by a classical chemical resolution 
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method. A commercially available (although expensive) leucine dehydrogenase 
from Bacillus species was then found to carry out the reductive amination of ct-
keto-P-hydroxyisovalerate to give L-P-hydroxyvaline (25). Bacillus strains 
from our culture collection were screened to find an alternative source of a 
suitable enzyme. Reductive amination activity for ct-keto-P-hydroxyisovalerate 
was found in most of the Bacillus strains screened (including B. megaterium, B. 
subtiis, B. cereus, B. pumilus, B. licheniformisfB. thuringiensis, B. brevis) with 
the highest specific activity found in B. sphaericus ATCC 4525. Either formate 
dehydrogenase from Candida boidinii or glucose dehydrogenase from Bacillus 
megaterium was used for regeneration of NADH. pH 8.5 was optimal for both 
glucose dehydrogenase from Bacillus megaterium and leucine dehydrogenase 
from Bacillus sphaericus. For the enzyme from B. sphaericus ATCC 4525, the 
apparent Km for ct-keto-P-hydroxyisovalerate was 11.5 mM (sufficiently low 
considering that the reaction was run at 0.25 to 0.5 M of the keto acid) and the 
apparent V m a x for ct-keto-P-hydroxyisovalerate was 41% of the value for ot-
ketoisovalerate (reported to be the best substrate for reductive amination by 
leucine dehydrogenase), making leucine dehydrogenase from B. sphaericus 
ATCC 4525 very suitable for synthesis of this intermediate. 

L-6-Hydroxynorleucine 

The initial synthesis of Vanlev (Figure 2), a vasopeptidase inhibitor 
intended for the treatment of hypertension required L-6-hydroxynorleucine (2) 
as an intermediate (26). In the initial route, racemic N-acetyl-6-
hydroxynorleucine was treated with L-acylase from hog kidney to prepare the 
required amino acid. Because the resolution with acylase gave a theoretical 
maximum yield of only 50% and required separation of the desired product from 
the unreacted enantiomer at the end of the reaction, we subsequently tried to 
prepare the amino acid by reductive amination of the corresponding ketoacid 
(27) 2-Keto-6-hydroxyhexanoic acid (in equilibrium with its cyclic hemiketal 
form) was prepared by chemical synthesis starting from 4-chloro-l-butanol, 
which was O-protected, then converted to a Grignard reagent which was added 
to diethyl oxalate, followed by hydrolysis of the ester and deprotection of the 
hydroxyl group. Initial screening, with formate dehydrogenase for regeneration 
of NADH, showed that phenylalanine dehydrogenase from Sporosarcina sp. and 
beef liver glutamate dehydrogenase converted 2-keto-6-hydroxyhexanoic acid 
completely to L-6-hydroxynorleucine. Leucine dehydrogenase partially purified 
from Bacillus sphaericus ATCC 4525 and alanine dehydrogenase from Bacillus 
subtilis were not active. Additional screening with spectrophotometric enzyme 
assays (i.e., monitoring the rate of NADH oxidation in the reaction) of 
commercially available amino acid dehydrogenases and extracts of 132 cultures 
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C0 2- [(CH3)3N+CH2CH2OH]2 

tigemonam 

Figure 1. Structures of L-P-hydroxyv aline and tigemonam 

Figure 2. Structures of L-6-hydroxynorleucine 2, L-allysine ethylene acetal 4, 
and Vanlev (omapatrilat, BMS186716) 
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from our collection identified several other active enzymes, with extract from 
Thermoactinomyces intermedins ATCC 33205 found to contain the most active 
enzyme. This strain has been reported to be a source of thermostable 
phenylalanine dehydrogenase (28) as well as leucine dehydrogenase (29). 

Beef liver glutamate dehydrogenase was used for preparative reactions at 
10% total substrate concentration. NADH was regenerated using glucose 
dehydrogenase from Bacillus megaterium. The optimum pH for glutamate 
dehydrogenase with this substrate was determined to be about 8.8, and glucose 
dehydrogenase as stated above has a broad pH optimum centered at about 8.5. 
The reaction, carried out at pH 8.75, was complete in about 3 h with a reaction 
yield of 89% and ee >99%. The product of the glucose dehydrogenase reaction 
is gluconolactone which is hydrolyzed to gluconic acid. NH 4OH was added from 
a pH stat to maintain pH 8.75 during the reaction and was used to follow the 
time course of the reaction. 

Chemical synthesis and isolation of 2-keto-6-hydroxyhexanoic acid 
required several steps. In a second more convenient process (Figure 3), the 
ketoacid was prepared by treatment of racemic 6-hydroxynorleucine (produced 
by hydrolysis of commercially available 5-(4-hydroxybutyl) hydantoin) with D-
amino acid oxidase and catalase. After the ee of the remaining L-6-
hydroxynorleucine had risen to >99%, the reductive amination procedure was 
used to convert the mixture containing 2-keto-6-hydroxyhexanoic acid and L-6-
hydroxynorleucine entirely to L-6-hydroxynorleucine with yields of 91 to 97% 
and ee >99%. Sigma porcine kidney D-amino acid oxidase and beef liver 
catalase or Trigonopsis variabilis whole cells (source of oxidase and catalase) 
(30) were used successfully for this transformation. 

L-AHysine Ethylene Acetal 

In the original route to Vanlev, L-6-hydroxynorleucine was coupled with S-
acetyl-N-Cbz-L-homocysteine, then oxidized to the aldehyde (26). In the final 
route, a process for the production of L-allysine ethylene acetal (4) by enzymatic 
reductive amination of the corresponding keto acid 3 was developed and scaled 
up to avoid this oxidation step (Figure 4 ) (31). Screening of commercially 
available amino acid dehydrogenases as well as some strains from our culture 
collection showed that glutamate, alanine, leucine and phenylalanine 
dehydrogenases (listed in order of increasing effectiveness) gave some of the 
desired product. An extract of Thermoactinomyces intermedius ATCC 33205 
was an effective source of phenylalanine dehydrogenase (PDH) for the reaction. 
For this process formate dehydrogenase (FDH) was used for regeneration of 
NADH. Candida boidinii grown on methanol was the initial source for the FDH. 
Although both the glucose and formate dehydrogenase reactions are equally 
effective for regeneration of NADH, the easy removal of C 0 2 compared to 
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3 formate dehydrogenase 

ammonium formate • CO 

Figure 4. Conversion of keto acid acetal 3 to amino acid acetal 4. 
Phenylalanine dehydrogenase catalyzes reductive amination of the keto acid. 

Formate dehydrogenase is usedfor regeneration of NADH. 

gluconic acid made this a preferable method for isolation of the amino acid 
product by direct crystallization from water/methanol. 

T. intermedius IFO14230 (ATCC 33205) was first identified as a source of 
PDH by Ohshima et al(28). The enzyme was purified and characterized (28) 
then cloned and expressed in E. coli by the same workers (32). The enzyme was 
reported to be moderately specific for deamination of phenylalanine and to carry 
out the amination of some keto acids at a much lower rate than amination of 
phenylpyruvate (28) In our screening, the enzyme was the most effective amino 
acid dehydrogenase identified for the reductive amination of the keto acid acetal. 

Wet cells, heat-dried cells, extracts and immobilized enzymes were all 
useful for the reaction, but heat-dried cell preparations were the simplest and 
most convenient enzyme source to use. Heat-dried cells were produced by 
drying the cells under vacuum at 54 °C, then milling to <10 mesh. Activities 
were stable after storage for extended periods at 5 °C. Our initial procedure for 
the conversion of 3 to 4 used dried T. intermedius as a source of PDH and heat-
dried C. boidinii as a source of FDH. Problems with scale-up of the T. 
intermedius fermentation and a need for more productivity, provided the 
impetus for cloning the T. intermedus enzyme using PCR to amplify the 
published sequence. Heat-dried recombinant E. coli containing cloned T. 
intermedius PDH inducible with isopropylthiogalactoside and again using heat-
dried C. boidinii as a source of FDH provided a large increase in productivity 
for the fermentation and the reductive amination. Although the kinetics of the 
reaction were about the same, when using the same number of units of PDH, the 
higher specific activity of the recombinant E. coli compared to the 
Thermoactinomyces intermedius decreased the amount of dried cells required 
and made isolation of the product easier. 

  
 



313 

Like Candida boidinii, Pichia pastoris also produces a formate 
dehydrogenase when grown on methanol. Expression of the cloned T. 
intermedius phenylalanine dehydrogenase in Pichia pastoris under control of the 
alcohol oxidase promoter allowed both phenylalanine dehydrogenase and 
formate dehydrogenase to be produced together in the same fermentation, and 
they were conveniently produced in a suitable ratio for the reaction. To carry out 
this fermentation, the culture was initially grown on 1% glycerol for about 16h 
until glycerol was exhausted from the medium, then a methanol feed was begun 
to maintain the methanol concentration at about 0.1% for 48 h to induce 
production of both enzymes. After the induction period the cells were 
concentrated by cross-flow microfiltration, washed with buffer and spray-dried. 
The dried cells were added to the reaction mixture as a source of the two 
enzymes. 

The optimum pH for the reductive amination of 3 by PDH from T. 
intermedius ATCC 33205 was about 8.7. Because 3 was much more stable 
under the reaction conditions at pH 8.0 than at 8.7, the reaction was carried out 
at pH 8.0. This pH was also well suited to the use of FDH from C boidinii, 
which was reported to have a broad pH optimum of 7.5 to 8.5 (33). FDH from 
P. pastoris was reported to have a pH optimum of 6.5-7.5 (34), or 7.5 (35), with 
more than 80% of maximal activity at pH 8 (34,35). 

The procedure using heat-dried cells of Escherichia coli containing cloned 
PDH and heat-dried C. boidinii was scaled up without any problems. A total of 
197 kg of 4 was produced in three 1600-L batches using a 5% concentration of 3 
with an average yield of 91.1 M % and ee >98%. The procedure with P. pastoris 
was also scaled up to produce 15.5 kg of 4 in 97 M % yield and ee >98% in a 
180-L batch using 10% keto acid concentration. Subsequent to this work the 
Pichia pastoris FDH was cloned and expressed in E. coli together with the 7! 
intermedius PDH to allow both enzymes to be induced with β-isopropyl-thio-D-
galactoside (IPTG) (36). 

The route using the amino acid acetal 4 for preparation of the bicyclic 
intermediate for Vanlev is summarized in Figure 5. The amino acid acetal was 
converted to the dimethyl acetal methyl ester, then coupled with N-protected 
homocystine to give a dipeptide dimer. The dimer was converted to the 
monomer with dithiothreitol or tributylphosphine. Acidification of the monomer 
gave the aldehyde which cyclized to the bicyclic intermediate with concomitant 
hydrolysis of the ester. 

L-3-Hydroxyadamantylglycine 

L-3-Hydroxyadamantylglycine (6) is an intermediate required for the 
dipeptidyl peptidase-IV inhibitor, Saxagliptin, a drug candidate for treatment of 
Type-2 diabetes (Figure 6). This amino acid was originally prepared using an 
asymmetric Strecker amino acid synthesis (37). For an alternative route, 
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3' end of native PDH gene and corresponding amino acids 

AAC AGC GCA AGG AGG TAA 

Asn Ser Ala Arg Arg Stop 

3' end of PDHmod gene and corresponding amino acids (changed or new amino 
acids in bold): 

AAC AGC GCG GAG GGG TAC CTC GAG CCG CGG 

Asn Ser Ala Glu Gly Tyr Leu Glu Pro Arg 

CGG CCG CGA ATT AAT TCG CCT TAG 

Arg Pro Arg He Asn Ser Pro Stop 

Figure 7. Comparison of 3 ' ends of native pdh gene with modified gene 
re isolatedfrom Pichia pastoris SCI 6176 (Reproduced with permission from 

reference 36. Copyright 2007 Wiley-VCH Verlag GmbH and Company.) 

screening of amino acid dehydrogenases indicated that the recombinant 
phenylalanine dehydrogenase from Thermoactinomyces intermedius expressed 
in Pichia pastoris SC16176 previously used to prepare the amino acid acetal 4 
was also the most effective enzyme for reductive amination of keto acid 5 (36). 
in this case cell extract was much more effective than the heat-dried cells, in 
contrast to the results for the reductive amination of 3. The more bulky substrate 
5 may have difficulty in entering cells. Surprisingly the enzyme expressed in 
Pichia pastoris was much more effective than the enzyme expressed in E. coli 
even when the activity of the enzyme from E. coli (assayed with phenylpyruvate 
as substrate) was much higher than that expressed in Pichia. After reisolation of 
the pdh gene from Pichia pastoris SC16176 and comparison with the original 
published sequence, this anomaly was found to be due to a modification of the 
original enzyme that had inadvertently been introduced during the cloning 
procedure. This modification consisted of 2 amino acid changes at the C-
terminus and a 12-amino acid extension of the C-terminus (Figure 7). The 
modified enzyme was more effective with keto acid 5 than the original enzyme 
but had a lower specific activity than the original enzyme with phenylpyruvate. 
In addition the heat stability of the modified enzyme was decreased, with all 
activity lost after 1 h at 60 °C compared to complete activity loss after 1 h at 70 
°C for the original enzyme. Since the reaction was run at 40 °C to accomodate 
the lower stability of formate dehydrogenase, this change was of little 
consequence. 
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Production of multi-kg batches of L-3-hydroxyadamantylglycine was originally 
carried out with extracts of Pichia pastoris SC16176 containing the modified 
phenylalanine dehydrogenase (PDHmod) inducible with methanol together with 
the endogenous FDH produced during growth of the cells on methanol. The 
isolated yield (using Dowex 50 (H+)) of the amino acid was 96% with ee >99%. 
Later, for further scaleup of the production of 6, PDHmod from Pichia pastoris 
SCI 6176 was expressed in E. coli together with FDH from Pichia pastoris with 
both enzymes under the control of the tac promoter inducible by IPTG. With 
sufficiently pure keto acid substrate, the process was carried out at 10% keto 
acid concentration. The Boc-protected amino acid 7 is the required intermediate 
for the synthetic route, and amino acid 6 was converted directly to the Boc-
derivative before isolation, then isolated by an extraction procedure. To support 
the development of Saxagliptin, more than 1000 kg of intermediate 7 has been 
prepared using this enzymatic process. 

Modification of Amino Acid Dehydrogenases to Change 
Substrate Specificity 

Although the modification of PDH to produce an enzyme more effective for 
preparation of L-3-hydroxyadamantylglycine was introduced inadvertently, 
enzyme engineering and directed evolution have been applied to amino acid 
dehydrogenases to change the substrate specificities. A hexapeptide sequence 
believed to be important for substrate recognition in PDH from 
Thermoactinomyces intermedius was replaced with the corresponding sequence 
from the leucine dehydrogenase of Bacillus stearothermophilus by Soda and 
coworkers (38) Activities were decreased for both aromatic and aliphatic amino 
acids and keto acids compared to the wild-type enzyme although the decreases 
were larger for the aromatic substrates. In addition the altered enzyme was 
found to be a monomer/dimer mixture in contrast to the hexamer structure of the 
original enzyme. This group also created a chimeric enzyme by combining the 
amino-terminal domain of PDH from Thermoactinomyces intermedius with the 
carboxy-terminal domain of leucine dehydrogenase from Bacillus 
stearothermophilus (39) The chimeric enzyme had a broader substrate 
specificity that was a mixture of the specificities from the two parent enzymes, 
although lower activity compared to the parent enzyme with the preferred 
substrates of each of the parent enzymes. 

Engel and coworkers used site directed mutagenesis based on structural 
analysis to construct single and double mutants with G124A and L307V 
changes in PDH from Bacillus sphaericus with the amino acid replacements 
being the corresponding amino acids from leucine dehydrogenase. K c a t / K m for 
phenylpyruvate was decreased for all three mutant enzymes but increased for 
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aliphatic keto acids, with almost a 100-fold increase in k^/Km for ct-keto valerate 
in the double mutant compared to the wild type (40) Three other mutants of B. 
sphaericus PDH with substitutions at Ν145 had improved activity compared to 
the wild type with some keto acids but less activity with others (41) and were 
used for preparation of three p-substituted L-phenylalanine derivatives (42). The 
L307V mutant was also used for the synthesis of a p-substituted L-
phenylalanine (43). 

All of the naturally occurring amino acid dehydrogenases with wide 
substrate specificity described to this time convert keto acids exclusively to the 
the L-enantiomers. However D-amino acid dehydrogenases have recently been 
developed by Novick and coworkers (44). Their approach was to start with 
/w&so-diaminopimelic D-dehydrogenase from Corynebacterium glutamicum, an 
enzyme with strict D-specificity but limited substrate range, and use directed 
evolution to broaden the substrate range of the enzyme while preserving the D-
selectivity. After five mutations from three rounds of mutagenesis and screening 
they achieved the desired result of an enzyme able to produce a variety of D-
amino acids with high ee from ct-keto acid precursors. In this case the enzyme 
requires NADPH as cofactor and glucose dehydrogenase was used for cofactor 
regeneration. 

Conclusion 

α-Amino acids are useful synthons for preparing many compounds with 
pharmacological activity. Reductive amination of α-keto acids using amino acid 
dehydrogenases is a technology that has been widely applicable at Bristol-Myers 
Squibb in various synthetic routes. In addition to the examples above, similar 
procedures were used to prepare six other non-proteinogenic amino acid 
intermediates, including a D-amino acid (45) The preparation of the keto acid 
substrates are described in the references for the examples cited. Addition of a 
Grignard reagent containing the amino acid R- group to diethyloxalate followed 
by saponification is a useful procedure (27,31). Oxidation of a methyl ketone 
(10) and hydrolysis of an α,α-dichloro ester are other effective methods (46). In 
cases where synthesis of the keto acid is difficult, another approach is to prepare 
the racemic amino acid by chemical methods, treat with a D- or L-amino acid 
oxidase (27,47) to convert the unwanted enantiomer to the keto acid and then 
treat the mixture with an L- or D-amino acid dehydrogenase to convert the 
mixture entirely to the desired enantiomer. 
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Chapter 20 

Chemo-Enzymatic Synthesis of Unnatural Amino 
Acids 

Ian V. Archer, S. Alison Arnold, Reuben Carr, 
Ian G. Fotheringham*, Robert E. Speight, and Paul P. Taylor 

Ingenza Ltd., Wallace Building, Roslin BioCentre, Roslin, Midlothian, 
EH25 9PP, Scotland, United Kingdom 

A general chemo-enzymatic process has been developed to 
prepare enantiomerically pure L- and D-amino acids in high 
yield by deracemisation of racemic starting materials. The 
method has been developed from initial academic studies to be 
a robust, scalable industrial process. Unnatural amino acids, in 
high optical purity, are a rapidly growing class of 
intermediates required for pharmaceuticals, agrochemicals and 
other fine chemical applications. However, no single method 
has proven sufficiently adaptable to prepare these compounds 
generally at large scale. Our approach uses an enantioselective 
oxidase biocatalyst and a non-selective chemical reducing 
agent to effect the stereoinversion of one enantiomer and can 
result in an enantiomeric excess of > 99 % from a starting 
racemate, and product yields over 90 %. The current approach 
compares very favourably to resolution methods which have a 
maximum single pass yield of 50 %. Efficient methods have 
been developed to adapt the biocatalyst used in this process 
towards new target compounds and to optimise key factors 
which improve the process efficiency and offer competitive 
economics at scale. 
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Introduction 

The market for chiral intermediates is undergoing double-digit annual 
growth and is expected to reach at least $30 billion by the year 2010. This 
rapidly increasing demand for these compounds is mainly to support the 
development of new, single enantiomer pharmaceuticals and agrochemicals. In 
parallel, the emergence of biocatalysis as a viable approach to manufacture 
chiral compounds at large scale is also increasing significantly.1 The high 
enantio- and regioselectivity of biocatalysts is ideally suited to chiral organic 
synthesis and the continuing advances of methods in gene isolation and 
expression, microbial strain engineering, enzyme evolution and bioinformatics 
are broadening the availability of new biocatalysts for industry.11 However, the 
complexities of biocatalyst production and bioprocess optimisation almost 
always pose significant hurdles for process implementation, particularly in the 
rapid time frames required by industry. It is therefore essential to co-develop, 
along with the appropriate synthetic activities, the enabling technologies required 
for biocatalyst production, improvement and formulation. It is also highly 
advantageous if a biocatalytic transformation or process can be readily adapted 
towards a family of target molecules. Such a "platform" approach reduces the 
development time for each subsequent application and mitigates against the loss 
of individual opportunities through the failure of specific products. Ingenza, an 
Edinburgh, UK based biocatalyst and bioprocess development SME, has 
addressed each of these key criteria in developing a deracemisation bioprocess 
platform, which is adaptable to new amino acid targets required at large scale by 
the pharmaceutical and agrochemical industries. Unnatural amino acids are 
playing an increasingly significant role in pharmaceutical development.111 

Ingenza's biocatalytic routes to these compounds now include the water-based 
deracemisation of racemic mixtures of amino acids by the stereo-inversion of the 
undesired enantiomer, achieved through the concerted use of an oxidase 
biocatalyst and a chemical reducing catalyst. This process yields a single 
enantiomer of the amino acid, in very high optical purity and near quantitative 
yield. 

Background to the Amino Acid Deracemisation Process 

The deracemisation process, which is now being commercialised by 
Ingenza, derives from earlier academic studies in the United States, Japan, and 
notably in the biological chemistry laboratory of Professor Nicholas Turner at 
the School of Chemistry at Edinburgh University. The method employs the 
concerted use of a highly enantioselective amino acid oxidase biocatalyst and a 
non-enantioselective chemical reducing agent or catalyst (Figure 1). The imine, 
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or in some cases the keto acid, which is generated exclusively from one 
enantiomer of the target compound by the oxidase, can be converted in equal 
proportions to both enantiomers by the reductant. The progression of this 
reaction ultimately results in the near complete depletion of the enantiomer 
which is a substrate for the oxidase, with a concomitant increase of the opposite 
enantiomer. The process involves no substrate recycling and results in the stereo-
inversion of one enantiomer to yield the desired enantiomer, typically in > 99% 
e.e. and conversions which can approach 100%. The major advantages of the 
technology lie in the co-ordinated action of proven industrial oxidase 
biocatalysts and supported metal catalysts and high-throughput screening 
methods to identify and adapt suitable oxidase biocatalyst for each new target. 

Figure 1. Principle of chemo-enzymatic amino acid deracemisation showing 
enantioselective oxidation and nonselective reduction, resulting in the 

stereoinversion of one enantiomer. 

Chemo-enzymatic deracemisation of amino acids was first described in 
1971 when Hafher and Wellner1 reported the production of L-alanine and L-
leucine from their corresponding D-enantiomers, through the combined use of D-
amino acid oxidase (D-AAO) from porcine kidney and NaBH 4. Subsequently 
Soda et al carried out a more efficient demonstration of the principle, producing 
L-proline and L-pipecolic acid in > 98% ee by deracemisation of racemic 
mixtures, again using D-AAO and NaBH 4 However, the first attempts to develop 
a practical deracemisation process were carried out by the Turner group, which 
carried out a programme of process improvement, particularly by introducing 
more appropriate reducing agents, achieving a 99% yield and 99% ee of L-
proline from DL-prolinevl using pig kidney DAAO and only three molar 
equivalents of NaCNBH 4. Similar results were observed in the deracemisation of 
DL-piperazine-2-carboxylic acid, which could be converted to the L-enantiomer 
in 86% yield and 99% ee using DAAO and NaCNBH 4

 V 1 There then followed in 
1999, a collaboration between the Turner research group and NSC Technologies, 

Oxidase 
biocatalyst 

COOH 

Non-selective 
reductant 
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a US fine chemical manufacturer, which further significantly enhanced the 
versatility, efficiency and economic potential of the deracemisation process. In 
this collaboration, amine-boranes and catalytic transfer hydrogénation using 
Pd/C v n were introduced to the process, and proved much more effective 
reducing agents for the deracemisation of cyclic and acyclic amino acids. Amine-
boranes, while extremely effective in this chemistry - demonstrating superb 
activity and selectivity -are unfortunately very expensive. Additionally, the 
optimal amine-borane (NH3-BH3) is not available at the scale required for 
commercial manufacture. Accordingly, the use of supported metal catalysts in 
transfer hydrogénation, which was introduced by Dr Scott Laneman of NSC 
Technologies, has proved to be a particularly versatile and economical approach 
and provided one basis for the development of the current process. Since 2003, 
when Ingenza began to develop amino acid deracemisation towards 
commercialisation, the process development has focused entirely upon the use of 
catalytic transfer hydrogénation, because of the extensive knowledge base 
available regarding the industrial use, recovery and recycling of the metal 
catalysts and the highly favourable large-scale process economics offered by this 
approach. 

A second critical improvement to the performance and versatility of this 
technology derived from the introduction of engineered microbes to produce the 
biocatalyst required for the process. Engineered strains of Escherichia coli 
which express enzymes enantioselective for either L- or D-amino acids facilitate 
the deracemisation of DL-amino acids to yield either D- or L-amino acids as 
products of the deracemisation process. The initial recombinant bacterial strains, 
which were constructed by NSC Technologies for this application, did not 
express an amino acid oxidase enzyme but rather a cloned gene encoding L-
amino deaminase (L -AAD) v , n The L-AAD enzyme originates from Proteus 
myxofaciens and carries out amino acid oxidation by a different catalytic 
mechanism to that of oxidases, and does not produce detectable levels of 
hydrogen peroxide. Not producing the hydrogen peroxide by-product is a 
limitation of this L-AAD with respect to the directed evolution studies described 
below. However the broad range of L-amino acids which can be converted to 
their corresponding keto acids by the native L-AAD enzyme nevertheless renders 
it very appropriate for this industrial application/"1 The deracemisation of DL-
leucine to D-leucine in a 98% yield and 99% ee.lx was then demonstrated using 
recombinant cells which expressed L-AAO and 20 equivalents of ammonia 
borane as the reductant. The time course of this deracemisation is shown in 
Figure 2. 

Recently a number of D- and L- amino acid oxidase encoding genes, 
including the D-AAO of Trigonopsis variabilis and the L-AAO of 
Synechococcus sp., have been cloned by Ingenza and expressed in recombinant 
microbes for application in this general process. 
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Figure 2. Deracemisation of DL-leucine using L-AAO and 20 equiv. ofNH3-BH3 

(red. J) or t-BuNH2-BH3 (red.2) 

Production and Laboratory Evolution of Oxidase Biocatalysts 

Importantly, the use of cloned genes which encode various oxidases, 
permits methods of enzyme evolution to be used efficiently to identify mutated 
variants of the biocatalysts which display improved or adapted properties. 
Directed evolution methods can be used to generate biocatalyst variants which 
show activity towards natural and unnatural amino acids and amines that are not 
good substrates for the native enzymes, thereby enabling the adaptation of the 
process towards industrial targets. Useful variants may also show improvements 
in properties suitable for industrial biocatalysts, such as greater stability or 
resistance to product inhibition under process conditions. The methods used to 
improve and adapt the oxidase biocatalysts are described below. By coupling 
random gene mutation with a powerful and very high-throughput in vitro and in 
situ selection, highly process suitable amino acid or amine oxidases have been 
evolved from the wild type enzymes. The high enantioselectivity of the native 
enzymes is typically retained following laboratory evolution. The screening 
procedure takes advantage of the fact that members of the oxidase family 
produce hydrogen peroxide as a reaction by-product. The presence of hydrogen 
peroxide (and therefore oxidase activity) can be detected colorimetrically by the 
addition of peroxidase and a substrate that yields a coloured productx as shown 
schematically in Figure 3. 
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Figure 3. Solid phase colony and liquid phase micro-titre plate colorimetric 
screening for improved oxidase activity. 

This screen can be carried out in a solid phase format using plated bacterial 
colonies which carry randomly mutated oxidase isolates. Ingenza has now 
optimised this approach to enable 105-106 isolates to be rapidly and 
economically screened for activity directly towards the substrate of interest, in a 
single experiment. The appearance of darker coloured colonies in the solid 
phase screen indicates improved activity of an oxidase variant towards a specific 
target substrate. The activity of the variant towards a range of target substrates 
can then be characterised kinetically in a micro-titre plate based assay. Increases 
in activity, substrate range and biocatalyst stability can be achieved by tailoring 
the assay conditions to the desired trait over multiple cycles of this process. 

The laboratory evolution approach was used to alter the substrate range of 
the amine oxidase from Aspergillus niger (MAO-N). In this case, the wild-type 
enzyme displayed a narrow substrate specificity with activity observable only 
towards simple achiral amines, such as 1-pentylamine and benzylamine. 
Libraries of randomly mutated variants of MAO-N were screened for activity 
towards ct-methylbenzylamine. A single residue change in the enzyme 
(Ser336Asn) was found to significantly expand the substrate specificity of 
MAO-N so that α-methylbenzylamine and other larger, chiral substrates were 
accepted. Although α-methylbenzylamine was the substrate used in the screen, 
the variant displayed higher activity towards other amines, such as a-
methylcyclohexylamine. In each case, the variant was found to display high (S)-
enantioselectivity, enabling its use in deracemisation reactions/ Subsequent 
work has further enhanced and improved the activity of MAO-N variants 
towards different amines, such as (5)-l,2,3,4-tetrahydro-l-methylisoquinoline 
by incorporating additional mutations, through successive rounds of laboratory 
evolution/1 
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In a recent example, Ingenza has improved the activity of Trigonopsis 
variabilis D-AAO (TvDAAO) over one hundred-fold towards a commercially 
important unnatural amino acid, using ten rounds of laboratory evolution. The 
evolved variant contains eleven distinct mutations (3.1% of the protein) that 
were individually shown to be beneficial at each round of evolution. The 
mutations were selected from randomly generated error-prone PCR libraries, as 
well as targeted libraries, in which individual amino acids or small groups were 
selected for saturation mutagenesis. Regions for saturation mutagenesis were 
rationally selected using sequence alignment and structural homology modelling 
of closely related oxidases, for which actual resolved structures were available. 
Additionally, mutated positions in variants selected from error-prone PCR 
libraries were then targeted for saturation mutagenesis to further optimise the 
amino acid substitution at these important positions in the protein. The high 
throughput colony-based colorimetric screen was then used to both improve the 
activity of the TvDAAO enzyme towards the commercially important unnatural 
amino acid and also, by adapting the assay conditions, to screen for variants that 
displayed increased thermal stability. The wild-type TvDAAO enzyme displays a 
high K M (> 300 mM) towards the target substrate but in the first round of 
mutation and selection, two amino acid substitutions were identified that reduced 
the K M to < 2 mM. Subsequent rounds of laboratory evolution were then used to 
improve the turnover rate of the enzyme towards the substrate, whilst retaining 
the low K M , by increasing the stringency of the screening step and by using both 
random and targeted mutation strategies. Despite the activity of the evolved 
variants towards the substrate being improved to industrially acceptable levels, 
the operational stability of the enzyme was then found to be low. By exposing 
the colonies containing the libraries of randomly mutated enzymes to increased 
temperature (60°C for one hour) prior to colorimetric screening with the 
substrate, more stable variants could be selected. The increased stability was 
confirmed by a time course assay of the residual activity of TvDAAO variants 
following exposure of the protein to various temperatures. A specific variant, 
named WT1 TvDAAO, was produced that contained only stabilising mutations 
and therefore retained the substrate specificity of the wild-type enzyme. The 
stability of this variant was compared to the wild-type enzyme at various 
temperatures. Figures 4a and 4b compare the residual activity (initial reaction 
rate at 10 mM substrate concentration, expressed in milli optical density units 
(mOD) per minute) for the wild-type and variant WT1 TvDAAO enzymes. 

Figure 4 demonstrates that whereas the wild-type enzyme is almost 
completely inactivated after ten minutes at 55.8°C, the WT1 variant retains 
activity, even at 65.6°C and is significantly more stable at lower temperatures. It 
was found that the WT1 variant was also more stable to oxidation by either 
hydrogen peroxide or oxygen gas, indicating a possible common mechanism of 
denaturation under different sources of stress. 

Improvements in the level of oxidase biocatalysts produced by recombinant 
strains can also be readily detected using this colorimetric screen. Such 
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improvements are typically due to alterations to regulatory regions which control 
gene expression or codon changes within the oxidase genes which improve the 
efficiency of transcription or translational of the gene. Further rounds of directed 
evolution and the combination of individual beneficial mutations, generates the 
industrially appropriate biocatalysts required for the deracemisation process. 

Enabling Technologies 

To fully exploit the potential of any bioprocess, many critical enabling 
technologies are required to bring the laboratory scale discoveries, such as those 
outlined above, to full manufacturing scale, in areas of significant market 
opportunity. This aspect is often understated in the development of new 
biocatalytic methods. Key enabling technologies include the means to isolate and 
improve relatively fragile natural enzymes to generate robust industrial 
biocatalysts; an understanding of the major cost factors in biocatalyst production 
and formulation; rapid bioprocess optimisation using statistical experimental 
analysis, and the ability to adapt successful bioprocesses into platform 
technologies to manufacture multiple targets. Ingenza therefore, has acquired 
considerable expertise in molecular biology, high-throughput screening, 
fermentation, bioprocess development and synthetic chemistry for its overall 
bioprocess development. Each of these areas has been addressed and optimised, 
to establish an efficient and cost-effective operating philosophy for the 
deracemisation process. 

Fermentation Optimisation 

Initial lab scale fermentation of oxidase producing strains was carried out 
using complex growth medium, chemical inducers and antibiotics to maintain the 
plasmid borne oxidase genes within the host bacterium. The resulting cost 
contribution of the biocatalyst to the overall bioprocess is in excess of $100 per 
kg of amino acid product. This was clearly an unacceptable cost basis, for all but 
a few very high-value products and so each of these aspects required significant 
enhancement. A high cell density fed-batch fermentation was developed to 
culture the recombinant E.coli strains required to produce the native and evolved 
oxidases. This fermentation resulted in a microbial biomass in excess of 90 gL*1 

compared to the earlier 5 gL"1 . Plasmid vectors were also modified to become 
completely segregationally stable, thereby eliminating the need for antibiotics to 
be included in the culture medium. Finally, the induction of enzyme production 
was regulated by a simple temperature shift during the fermentation, eliminating 
the need for more costly chemical induction. Therefore when an oxidase 
biocatalyst is adapted towards a specific substrate of interest, it can then be 
produced routinely and efficiently under a standard fermentation protocol. 

  
 



332 

Biomass produced in fermentation is harvested, broken by mechanical lysis and 
clarified by centrifugation with the assistance of flocculants. The resulting lysate 
can be used directly in the deracemisation reaction. 

Deracemisation Process Optimisation 

Successful industrial bioprocesses must meet aggressive cost targets and, for 
broad acceptance, must be sufficiently robust to enable routine manufacture. 
Ideally, processes must be compatible with existing equipment and 
manufacturing practices, while opportunities for process intensification may be 
sought. In order to establish deracemisation as a competitive manufacturing 
route for unnatural amino acids, many process conditions required optimisation 
in addition to the successful biocatalyst production and directed evolution 
described above. Ingenza has concentrated upon the optimisation of the 
operating parameters for the process. Principally these parameters included 
substrate and catalyst loading, reaction conditions such as temperature, pH, 
aeration and agitation, catalyst formulation (free or immobilised enzyme and 
reducing catalyst), catalyst recycling, process scale-up (mass-transfer issues) and 
product recovery and purification. One early example, the deracemisation of L-
pipecolic acid, exemplifies this approach. 

A detailed screen of catalysts under various process conditions resulted in a 
pleasing deracemisation reaction yielding L-pipecolic acid in > 99% ee and > 80|% 
yield. Figure 5a shows a timecourse for this reaction run in triplicate. It is apparent 
from the timecourse that early in the reaction D-pipecolic acid (D-pip) is consumed 
at the same rate as the L-enantiomer (L-pip) is formed. However in the latter stages 
D-pipecolic acid is consumed but not converted to its enantiomer. A detailed 
examination of the reaction mixture allowed the identification of an impurity (imp) 
which began to accumulate at around the same time and appeared to account for 
this loss of yield. An adjustment to the addition of the reductant, ammonium 
formate, (Figure 5b) allowed us to eliminate both the yield loss and impurity to 
produce L-pipecolic acid in >99% enantiomeric excess and >95% yield. 

In a further example, deracemisation was used to prepare L-2-aminobutyric 
acid from DL-2-aminobutyric acid as the starting material. Statistical design of 
the experimental procedures enabled a rapid screen of over 40 supported metal 
catalysts to be conducted with varying levels of ammonium formate and 
biocatalyst. These experiments established the ideal metal catalyst for the 
reaction as well as the appropriate balance of chemical and biocatalysts. At 
substrate loading of 2M, the L-2-aminobutyric acid can be recovered at > 99 % 
ee in 95 % isolated yield. Through catalyst re-use and efficient reprocessing, the 
metal catalyst contributes |< $10 kg"1 to the product cost. It is worthwhile 
comparing the cost contribution of metal catalysis (< $10 kg"1) with that of the 
amine-boranes used in the earlier deracemisation process, which would 
contribute » $1,000 kg"1 of product. 
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Scale-up and Future Prospects for Oxidase Based 
Chemo-enzymatic Deracemisation 

Ingenza currently operates amino acid deracemisation routinely at 1-3 L litre 
scale in its Roslin facility. At this scale, the process parameters can be fully 
optimised for subsequent operation at multi-thousand litre scale, using a 
combination of the enabling technologies and process optimisation strategies 
described above. Ingenza along with its parent organisation, Chicago based, 
Richmond Chemical Corporation, is conducting a multi-hundred kilogram pilot 
scale manufacturing trial of the first commercial product of the deracemisation 
process, in preparation for full scale operation of the process in 2009. The 
process conditions being used for this compound are expected to be suitable, for 
a number of additional unnatural amino acids in development. 

The generality of the metal catalysts used for the reduction step of the 
deracemisation process means that the breadth of process application depends on 
the availability of suitably active and enantioselective oxidase biocatalysts. 
Accordingly, screening programmes are in progress to identify novel amino acid 
oxidases from soil and marine microbes. Novel isolates, detected on the basis of 
colorimetric or specific cell growth based screens are characterised for activity 
towards a panel of commercial targets. 

It has been shown by the laboratory evolution of the MAO-N towards new 
substrates and the demonstration that the chemo-enzymatic deracemisation 
process is equally applicable to chiral amines. Chiral amines are also of major 
industrial value in the fine chemical arena, in view of their significance as 
pharmaceutical intermediates, resolving agents/11 chiral auxiliaries/basesxni and 
catalysts for asymmetric synthesis.xlv Ingenza is currently evolving amine 
oxidases such as MAO-N towards commercially important chiral amines and is 
using the process development know-how resulting from amino acid 
deracemisation to develop amine deracemisation as a parallel platform 
bioprocess. 

Conclusions 

Biocatalysis now offers an increasingly realistic option for the manufacture 
of new chiral molecules at large scale. Regulatory directives from the FDA have 
increased the number of chiral molecules required by the pharmaceutical 
industry, for single-isomer pharmaceuticals which offer lower dosage and 
reduced side effects. Demands for single-isomer agrochemicals are also 
increasing, due to environmental pressures. In addition to these drivers, the 
timing for new biocatalytic applications for industry is highly appropriate from a 
technology standpoint. Advances in molecular biology, bioinformatics and 
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microbial genomics have enabled access to large amounts of uncharacterised 
genetic material, which encodes an enormous array of novel enzymes, providing 
the raw material for new biocatalysts. Methods of enzyme evolution including 
increasingly diverse screening strategies and efficient gene mutation and 
recombination, have shortened the timeframe for the improvement of native 
enzymes. However, a rapid development timeframe is also critical for 
biocatalysis to compete with more established synthetic chemical methods. 
Biocatalysis continues to be regarded as a "last resort" when synthetic chemical 
approaches have failed or are too costly. Accordingly, the development of 
adaptable platform bioprocesses such as oxidase based chemo-enzymatic 
deracemisation are vitally important to enhance the acceptance and growth of 
biocatalysis in industrial applications. 
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Chapter 21 

Integrated Solutions of Unnatural α-Amino Acids 

Takahiro Ohishi1, Masahiko Yamada2, and Masanobu Sugawara2 

1Frontier Materials Development Laboratories, Corporate R&D Division, 
Kaneka Corporation, 5-1-1, Torikai-Nishi, Settsu-shi, 

Osaka 566-0072, Japan 
2Fine Chemicals Division, Healthcare Business Unit, Kaneka Corporation, 

3-2-4, Nakanoshima, Kita-ku, Osaka 530-8288, Japan 

Our approaches to the synthesis of non-natural chiral aliphatic 
α-amino acid derivatives are demonstrated. The present 
efficient methods involve asymmetric induction, chiral pool, 
and dynamic resolution. The integration of our noted expertise 
in biotechnology with synthetic technology is a key factor for 
the production of useful pharmaceuticals. 

Introduction 

Recent progress in medicinal chemistry has enhanced the frequent 
application of non-natural chiral amino acids for use as drug intermediates (1,2). 
Typically, they have been derived from natural amino acids, and thus have 
structures that are similar to, but different from, those of natural L-amino acids. 
Traditional synthetic approaches involve the transformation of natural L-amino 
acids. While amino acids that contain aromatic groups can be produced 
effectively and relatively easily by asymmetric catalysis (3), new aliphatic amino 
acids often require a specific methodology. 

This report describes our method for producing several non-natural aliphatic 
chiral α-amino acids through the use of optimum methods including both bio-
and synthetic technologies, such as asymmetric induction, chiral pool, and 
dynamic resolution. The synergistic combination of biotechnology and synthetic 
technology will also be demonstrated with regard to a-methylcysteine. 

© 2009 American Chemical Society 337 
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Figure J. Examples of non-natural chiral amino acids described in this chapter 

1. Biotechnology: General Methods for the Preparation of L-a-Amino Acids 

A generic solution for the synthesis of non-natural L-a-amino acids has been 
sought for many years. In this section, we introduce a "one pot enzymatic 
deracemization" system for amino acid production. A previously reported 
method showed that racemic mixtures of amino acids are converted to the 
corresponding L-amino acids (4). The mechanism is an oxidation-reduction 
sequence, where the oxidation of racemic amino acids to ct-keto acids or their 
imino derivatives, as well as subsequent NADH-dependent reductive amination, 
produced the desired chiral amino acids through the use of multi-enzyme system. 
Despite its apparent cost-effectiveness, no industrial application of this method 
has been reported. The crucial issues include not only the difficulty of 
constructing the enzyme system but also the need for robust coenzyme recycling. 
Irreversible formate-driven NADH-regeneration shifted the reversible enzymatic 
reaction to lead to the desired amino acids in the present case (Scheme 1). 

A successful NAD recycling system was obtained by using durable formate 
dehydrogenases (FDH) isolated from specific soils, wherein FDH could survive 
under high substrate concentrations even in the presence of substrates, especially 
electrophiles (halogenated hydrocarbons, for example) (5). Thus, FDH allowed 
the system to produce non-natural L-a-amino acids in high concentrations. 

Specific Solutions 
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Scheme 1. One-pot enzymatic deracemization 

Both aliphatic and aromatic L-a-amino acids can be produced by selecting 
appropriate dehydrogenases from our libraries, since the stereoselectivities of 
dehydrogenase marketedly depend on their nature: phenylalanine dehydro
genases gives a chiral aromatic amino acid series, whereas leucine dehydro
genase gives a chiral aliphatic amino acid series. The combination of a 
reductase library and coenzyme regeneration has already been discussed in a 
previous report (6). 

With the present system taken into account, we are now producing natural L-
α-amino acids commercially. α-Keto acids can also be used as the key substrates 
to this end (7). 

Other important remaining issues are the recent increasing demands for the 
productions of chiral cyclic imino acids and chiral quaternary amino acids, 
which could not be obtained by the enzymatic method mentioned above. The 
following sections discuss the scope and limitations of these methods. 

Synthetic Technology 

/. Asymmetric induction: synthesis of chiral homophenylalanines 

Optically active homophenyalanines, a chemical class of one-carbon-longer 
amino acids, are key constituents for a variety of pharmaceuticals such as 
classical angiotensin converting enzyme (ACE) inhibitors and neuronal 
transmitters (8-12). 
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Despite of several previous reports, synthetic methods for both (/?)- and 
(5)-homophenylalanines are quite limited (13-20). We achieved a highly 
efficient and stereoselective synthesis of (/?)- and (5)-homophenylalanines 
through a stereoinduced aza-Michael addition using chiral phenethylamine as the 
key step. This simple protocol was successfully applied to the synthesis of 
enalapril-type ACE inhibitors, but lacked consistent stereoselectivity (12). 

Table 1. Aza-Michel-type addition of phenethylamine (PEA) to 
/j-methoxy-benzoylacrylic acid 

0 I PEA Ph 

Reaction Precipitate Filtrate 
Entry conditions yield of SS deofadducts yield of SR 

PEA temp (%) (%) (%) 
(equiv.) (°C) 

1 (1.0) 30 38 96 30 
2 (10) 40 61 90 n.d. 
3 (1.1) 40 71 97 15 
4 (1.1) 50 78 98 n.d. 
5 (1.1) 60 90 97 n.d. 

The present successful synthesis consists of three steps: 1) Preparation of 
substituted benzoylacrylic acids using Friedel-Crafts acylation with maleic 
anhydride (21); 2) Stereoinduced aza-Michael-type addition using both 
commercially available (/?)- and (5)-phenethylamines; and 3) One-pot reductions 
of both keto and phenethyl groups using H2/Pd-C. This overall reaction 
sequence is considered to be of general use for providing substituted 
homophenylalanines due to the availability of (/?)- and (5)-phenethylamines. 

Our initial trial of the key aza-Michael addition using 4-aryl-4-oxo-2-
butenoates (benzoylacrylic esters) resulted in poor stereoselectivity, consistent 
with previous reports (22, 23). We anticipated that the zwitterionic character of 
the resultant adducts would exhibit the different solubilities between the two 
diastereomers. 

Table 1 lists the successful results for the present aza-Michael addition 
between /7-methoxybenzoylacrylic acid and (S)-phenethylamine in ethanol 
solvent. Most of the (S^-diastereomer precipitated out from the ethanol 
solution at 30 °C for 16 h after the addition of (5)-phenethylamine, as we 
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expected (Entry 1). The yields of the (5,5)- and (S,R)- adducts, the latter of 
which dissolved in ethanol, were 38% and 30%, respectively, which indicates 
that there was no significant stereoselectivity in this case. 

Supposed that Michael addition is a reversible reaction, the yield of the 
desired (5,5)-adduct would gradually increase through disproportionation due to 
this addition-elimination sequence. Eventually, optimization of the temperature 
and the molar ratio gave remarkable results; 90% yield and 97% de (Entry 5). A 
slight excess (0.1 eq.) of (5)-phenethylamine should act as a basic catalyst to 
promote the present reversal reaction. 

The de of the (5,5)- diastereomer in the whole system gradually increased to 
>80% in accordance with the duration of the reaction, as illustrated in Fig. 1. 
The phenomenon of increasing de is based on dynamic resolution: preferential 
precipitation of the (5,5)-isomer and epimerization of the α-position proceeded 
smoothly through the reversal aza-Michael addition (24). 

Figure 2. Time profile of aza-Michael addition (PEA: 1.2eq; 60 °C) 

To the best of our knowledge, this is the first example of the aza-Michael 
addition for the preparation of chiral amino acids (25). The reaction of other 
substituted benzoylacrylic acids as well as non-substituted benzoylacrylic acid, 
also gave products with high optical purity (90-99%de), as shown in Table 2, 
depending on the appropriate solvents (ethanol and methanol). 

The final stage for the synthesis of chiral homoarylalanines invloves double 
hydrogénations. Scheme 2 exemplifies the conversion of /?-methoxyben-
zoylacrylic acid-derived (5,5)-adduct to 5-homo-p-methoxy-phenylalanine: 
deoxygenation of the ketone group and removal of the l-methyl-/?-methoxy-
benzyl group proceeded smoothly in a one-pot manner while maintaining the 
newly created stereochemistry. 

In conclusion, we established a practical three-step synthesis for substituted 
optically active homophenylalanines from simple aromatic compounds (26). 
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Table 2. Aza-Micheal addition using substituted benzoylacrylic acids 

Entry X= Solvent de 
(%) 

Yield Entry X= Solvent de 
(%) 

yield 
(%) 

(%) 
5 p-CI EtOH 99 85 

1 p-OMe EtOH 98 90 6 p-N02 EtOH 95 85 
2 p,m-(OMe)2 MeOH 95 80 7 p-Me EtOH 97 95 
3 P-H MeOH 94 80 8 p-Ph MeOH 99 87 
4 P"F MeOH 90 70 

2. Chiral pool: Chloroalanine and azetidine carboxylic acid 

a) β-Chloroalanine 

β-Substituted alanines are now widely used in many receptor modulators 
and protease inhibitors because of the potential accessibility to a variety of 
amino acid derivatives (27-29). Several methods for the conversion of L-serine 
to such precursors have been attempted (Scheme 3). However, the most 
straightforward route starting from protected L-serine through its sulfonate was 
not successful due to substantial racemization (30). Another important 
intermediate, L-serine lactone was a candidate for further functionalization of the 
β-position with a retention of chirality: this preparation requires expensive 
and/or toxic DMAD (dimethyl acetylenedicarboxylate) reagent and low-
temperature conditions (31). 

Our alternative method uses another atom-economical activated serine, L-β-
chloroalanine. Since the only conventional method reported to date requires four 
long, tedious steps (32), route minimization was essential. Surprisingly, without 
any protection procedure, L^-chloroalanine was directly and quantatively 
produced from L-serine quantitatively using halogenation chlorination reagents 
(33, Scheme 4). 

The L^-chloroalanine thus obtained has been shown to be an efficient chiral 
synthon for producing a variety of non-natural amino acids. Nucleophilic 
substitution of thiolate anions to L^-chloroalanine proceeded smoothly to give a 
series of S-alkyl or 5-aryl-L-cysteine derivatives without any undesirable 
racemization (33). In addition, protected aziridine derivatives, derived from L-β-
chloroalanines, can accommodate carbanion nucleophiles such as acetylides in 
carbon-elongation reactions. 

These substituted compounds were smoothly converted to the corresponding 
aliphatic amino acids. Since the generality of catalytic asymmetric synthesis is 
still considerably limited, the present method provides a new and useful avenue 
for the production of various less-accessible chiral aliphatic amino acids (34, 
Scheme 5). 
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b) Azetidine Carboxylic Acid 

Azetidine carboxylic acid is widely used as a precursor for protease 
inhibitors and CNS (central nervous system) agents (35-39). Interestingly, it is a 
natural amino acid that is obtained in S-adenosyl-L-methionine biosynthesis (40). 

While there are two reported methods, there are still some limitations from 
the standpoint of process chemistry: one method involves tedious and unsafe 
liquid ammonia-sodium deprotection of toluenesulfonamide (41) and the other 
requires inefficient optical resolution (42) (Scheme 6). 

The pharmaceutical demands and a lack of practical method prompted us to 
investigate new methodologies. The first example involves a route starting from 
L-aspartic acid, wherein the whole synthesis requires inexpensive materials 
including L-aspartic acid (42, 43). The need for a large amount of reducing 
agents led us to develop an even better process. In the second valid method, (/?)-
2-chlorobutyrolactam was used as the key intermediate, and is readily obtained 
from commercially available raw material, such as (5)-2-hydroxybutyrolactam or 
methyl (^)-aminochlorobutyrate (44-46). 

We are now improving the total costs, including route screening, based on 
the methods described above (Scheme 7). 

3. Combination: a-Methylcysteine 

ot-Methylcysteine is a valuable building block for the synthesis of several 
natural products such as mirabazoles A-C, tantazoles A-F, thiangazole, etc. (47-
55). Several members of these unique thiazoline/thiazole-containing alkaloid 
families have been shown to exhibit unusually high inhibitory activities against 
HIV-1 protease in vitro (56). 

Since it is difficult to construct tetra-substituted carbon in an optically pure 
form, there have been few examples of α-methylcysteine. The first reported 
synthesis of an optically pure α-methylcysteine derivative used L-valine as a 
chiral auxiliary, and alanine was converted at the α-carbon through asymmetric 
thiomethylation (57). More recently, Singh et al. reported a method that 
involved asymmetric methylation to 2-phenylthiazoline using Oppolzer's 
camphorsultam as a chiral auxiliary (58). 

Two other methods have used Seebach's "self-reproduction of chirality" 
approach to stereoselectively thiomethylate oxazolidinone 5 derived from 
alanine (49) or to methylate a thiazoline derivative of cysteine 6 (59, 60). These 
strategies give the products with good optical purities while asymmetric 
alkylation requires expensive reagents such as butyl lithium and must be carried 
out under extremely low-temperature conditions (-78 °C). In sum, the 
application of these methods to industrial processes for the mass production of 
optically pure α-methylcysteine might not yet be economically practical. 
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"Org Process R&D" Method -1 
An Aspartic Acid Route 

O — ^ V - C O ^ ζ\— CHjOH <V-CH 2OH COjH 
L-ASP Ν • • Ν Ν • • Ν 

Η Η Boc Boc 

"Org Process R&D" Method - 2 
An Aminochlorobutanoic Acid Route 

H2H \—C02Me +> f ^ / N H > H2H V -C0 2 H - • C02H 
of >-\ of f 

crx ο Η 

HO' y - Λ 
H 2N >-C02Me 

HO' Ο 

Scheme 7. Two methods for the synthesis of azetidine carboxylic acids 

Completely different approaches have also been reported. One method uses 
the regioselective ring-opening of chiral aziridine 7 (61) or β-lactone 8 (62, 63) 
with a thiolate nucleophile. Kedrowski synthesized α-methylcysteine from 
dimethyl 2-methylmalonate via enzymatic resolution of the diester 9 followed by 
Curtius rearrangement (64). These methods involve some difFicult-to-secure 
and/or hazardous reagents for industrial-scale production, such as azide 
compounds, Sharpless catalyst, PLE, etc. 

Asano et al. reported the L-stereoselective hydrolysis of racemic a-
methylcysteinamide by amidase from Xanthobacter flavus NR303 strain (65). 
After hydrolysis, L-a-methylcysteine was treated with acetone and isolated as 
(/?)-2,2,4-trimethylthiazoline-4-carboxylic acid. However, as far as we know, 
no applications have been reported. 

In this section, we describe our method for the synthesis of optically pure a-
methylcysteine. 

Hydantoinase process 

The enzymatic production of optically pure D-amino acids from 5-
substituted hydantoins, called the hydantoinase process, is one of the most 
practical, scalable, and environmentally benign methods. We have pioneered the 
industrial production of D-amino acids using the hydantoinase process. This 
process was first introduced for the production of D-/?-hydroxyphenylglycine (D-
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HPG) (6, 66-68), a non-natural amino acid that is used as a side chain of 
semisynthetic β-lactam antibiotics. We tried to extend our hydantoinase 
technology to the synthesis of optically pure α-methylcysteine and established 
two practical processes. 

D-Selective hydrolysis of Hydantoin 

Hydantoinase generally catalyzes enantioselective hydrolysis of hydantoin 
derivatives (the normal reaction). The hydrolysis of thio-substituted hydantoine 
(Scheme 9, Y=SH, SBn, St-Bu) was hamperd because the low solubility of the 
substrates in an aqueous media made the reaction slow. 

The D-selective hydrolysis of chloro-substituted hydantoin (Scheme 9, 
Y=C1) has been reported to proceed smoothly (69). The higher solubility of the 
substrate compared to thio-substituted hydantoins in an aqueous solution 
probably plays an important role in the stereoselective reaction. Therefore, we 
thus treated chloro-substituted hydantoin with an immobilized hydantoinase 
prepared from Bacillus sp. KNK245 strain according to the immobilization-
culture in a patent application (70) to obtain L-5-chloromethyl-5-methyl 
hydantoin in 40.5% yield (97%ee). A thio group was then introduced by using 
various kinds of thio-nucleophiles, such as NaSH, BnSH, and t-BuSH, in 
moderate yields. Finally, L-a-methylcysteine was produced by the appropriate 
deprotection reaction of the thio-substituted hydantoins in good yields. 

Q V - N H 
M V l Hydantoinase >—NH 
^ X ^ O - HN L (L)-a-Methyl cysteine 

. Hydantoinase V - | 
ΗΝ. κ ^ π ^ / 

Y=CI or SR (L) 

U % t—Y 
x jC 

H2N N^XOoH 
H 2 

(D) 

Scheme 9. D-Selective hydroxysis of hydantoin 

D-Selective cyclization of TV-carbamoyl amino acids 

Inspired by a former application of the enantioselective reverse reaction (71), 
we examined the hydantoinase reverse reaction (72): the fact that N-carbamoyl-
D, L-a-methylcysteine derivatives show good solubility in aqueous NaOH was 
also encouraging. 
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Hydantoin 11 was easily prepared from chloroacetone 10 by a previously 
described procedure (73). This compound was then hydrolyzed by aqueous 
NaOH and N-carbamoylated with KCNO to give N-carbamoyl-D, L -ct-
methylcysteine derivative 12, where the sequence was carried out in one pot. 

The next step is the enzymatic resolution of 12 with hydantoinase. To our 
surprise, the reverse reaction of 12 catalyzed by hydantoinase gave L-12 and D-
11 with excellent selectivities (D-ll : 97.8%ee, L-12: 99.5%ee) and yields (D-ll: 
43.9%; L-12: 49.6%). Compound 12 was treated with the immobilized 
hydantoinase in an aqueous solution, stirred at 40 °C, and kept at pH 6.5. The 
difference in solubility between 12 and 11 gave our process an advantage for 
scale-up. As the reaction proceeded, D-12 appeared as a white precipitate and 
could be easily removed from L-15 by filtration. The filtrate was acidified to 
give L-12 as white crystals. We prepared multigram quantities of L-12 and D-ll 
to demonstrate the potential of our method for large-scale production (72). 

Both of the t-butyl protected amino acid isomers were obtained. L-12 was 
dissolved in aqueous LiOH solution and re fluxed for 41hr. After being cooled to 
room temperature, the insoluble substance was filtered off and the filtrate was 
neutralized to give L-13 as white crystals (75.5%, 99.8%ee). D-13 was obtained 
by a similar procedure to afford D-13 as white crystals (85.7%, 99.9%ee). The 
optical purities of D-ll and L-12 were increased by crystallization of D-13 and L-
13. 

1)t-BuSH x x - S ' B u 
Ο 2)NaCN,NH3 > / Q 1 ) N a O H 9 \ ^ S ' B u 

X C - ( Ν Η 4 ) Η ^ 2 > K C N ° . H2N Ν CQ 2H 
6 H 

10 11 12 
(85% two steps) (66% two steps) 

I LiOH y - - s f B u HCI y r S H 

H 2 N ^ N ^ C 0 2 H H 2 N ^ C 0 2 H H 2 N ^ C 0 2 H 
Η HCI Hydantoinase (L)-12 (L)-13 (L)-14 

50%, 99.5%ee 76%, 99.8%ee 95%, 99.6%ee 

HN' y ° 
> - N H 

Ο 

î ' B u LiOH y - S ' B u H CI y ~ S H 

" H2N C0 2 H " H 2 N ^ C 0 2 H 
HCI 

(D)-11 (D)-13 (D)-14 
44%, 97.8%ee 86%, 99.9%ee 97%, 99.9%ee 

Scheme 10. D-Selective cyclization and synthesis of a-m ethyl cystein e 
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Finally, the t-butyl group was cleaved from 13 to give 14. Generally, alkyl 
thioethers show difficult deprotection and only a few methods are known for S-t-
butyl-cysteine derivatives. Yajima et al. reported that the combination of a hard 
acid (TMSOTf (74, 75) or TMSBr (76)) and a soft nucleophile such as 
thioanisole can cleave the t-butyl group of cysteine derivatives. However, none 
of the methods described above are practical for production on an industrial 
level because they used expensive and/or hazardous reagents. We investigated 
many reagents and conditions for deprotection of the t-butyl group of 13 and 
found that the t-butyl group could be efficiently cleaved simply by heating with 
cone. HCI (77). 

Thus, 13 was dissolved in cone. HCI, and the resultant solution was refluxed 
for 45 hr. After the reaction mixture was cooled to room temperature and 
concentrated, the remaining water was removed by azeotropic distillation with 
toluene to give 14 as white crystals. The optical purity of L-14 was 99.6%ee, 
and that of D-14 was 99.9%ee (78). 

In summary, two efficient methods for the asymmetric synthesis of oc-
methylcysteine from chloroacetone, a commercially available and inexpensive 
compound, were successfully achieved with excellent optical purities and in 
overall good yields. In these new methods which use a hydantoinase process, no 
expensive and/or difficult-to-secure reagents were used, and all steps proceeded 
under mild conditions. In addition, no chromatographic purification was 
required. Hence, we believe that both of our methods are suitable for large-scale 
production. 

Conclusion 

Since there has recently been a greater diversity in aliphatic non-natural 
amino acids in the pharmaceutical field, access to a variety of technologies is 
even more necessary to fulfill the demands. Two indispensable aspects, 
continuous fundamental research and the availability of tool-box technologies to 
investigate specific amino acids, should be crucial for the production of non-
natural chiral amino acids. Given the technology that some organizations have 
at their disposal, such as biotechnology or the synthetic technology typically 
described here, almost all of the issues regarding these exotic amino acids may 
eventually be addressed by combining these technologies or selecting the best 
technologies. We believe that Kaneka will maintain its prominence as a 
company that can provide such integrated solutions. 
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Enzymatic Synthesis of Unnatural Amino Acids 
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In this paper, novel enzymatic syntheses of unnatural amino 
acids are described. The first to be described is a new 
enzymatic system for the synthesis of optically pure N-methyl-
L-amino acids from α-keto acids. The second is the production 
of cyclic amino acids from the corresponding diamino acids. 
In both these systems, the novel enzyme, N-methyl-L-amino 
acid dehydrogenase from Pseudomonas putida ATCC12633 
was crucial. The final synthesis described is a biocatalytic 
asymmetric reduction via dynamic kinetic resolution for the 
production of β-hydroxy-D-amino acids. This reaction system 
is applicable to a wide range of substrates and all of the 
products exhibit high enantio- and diastereomeric purities. The 
enzyme in this system is a short-chain dehydrogenase that is 
used for chiral alcohol production. In this study, substrate 
design was an important step. 
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Amino acids and unnatural (nonproteinogenic) amino acids have been used 
in many pharmaceutical products (1-3). Recently, compounds with a peptidic 
structure have been developed by many pharmaceutical companies. In order to 
increase activity, proteolytic stability, or membrane permeability, unnatural 
amino acids are used (2). 

The chemical and biochemical processes involved in the synthesis of 
unnatural amino acids have been studied by many groups (4-6). In general, 
biological processes have advantages over chemical processes such as high 
enantiomeric purity, mild conditions, and non-toxic reagents. 

We have developed many enzymatic processes for the synthesis of 
pharmaceutical intermediates. In this paper, novel enzymatic syntheses of 
unnatural amino acids are described. 

1. TV-methyl-L-amino acids (NMA) 

Optically active N-methyl-L-amino acids (NMA) occur as functionally 
critical components of several biologically active natural peptides such as 
dolastatins (7) and didemnins (8). These peptides have been studied because 
they inhibit certain aspects of viral proliferation, tumor cell growth, and 
proliferative immune responses (7, 8). Therefore, NMA are useful building 
blocks in the chiral-specific synthesis of medicines and pesticides. 

Many methods for the preparation of optically active NMA have been 
reported and a review article on synthetic preparation of the NMA has been 
published (9). First type is nucleophilic displacement of ot-halocarboxylic acid 
by methylamine. Fischer et al prepared N-methylalanine, N-methylleucine, and 
N-methylphenylalanine by the nucleophilic displacement of bromide by 
methylamine from optically active (7?)-ct-bromo acids [Figure 1 (1)] (10). 
Second type is N-methylation using reductive amination. Quitt et al reported the 
production of N-methyl amino acids via N-benzyl derivatives [Figure 1 (2)] (77). 
The sequence involved conversion of optically active amino acids into their 
benzyl derivatives followed by methylation and hydrogenolysis. Recently, Silva 
et al reported a reductive methylation method using aqueous formaldehyde and 
zinc [Figure 1 (3)] (72). Dorow et al reported reductive alkylation of scalemic 
azide [Figure 1 (4)] (75). Reddy et al reported a new synthetic method that 
involves the reductive cleavage of N-protected oxazolidinones using hydrogen in 
the presence of Pd/C [Figure 1 (5)] (14). However, each procedure has its 
drawbacks, which include the excessive number of steps required to prepare the 
substrate, problems of racemization, harsh reaction conditions, and the instability 
of acid-sensitive substrates. Thus, currently, there is no satisfactory method 
available for the industrial production of optically pure NMA under mild 
conditions. 
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Although enzymes that synthesize jV-methyl-L-alanine (75) and jV-methyl-L-
glutamic acid (16) have been reported, none have been utilized for the 
modification of amino acids with other 7V-alkyl groups. The ability to synthesize 
a variety of optically pure jV-alkyl-L-amino acids from a common intermediate 
would be useful in the development of pharmaceutical agents. 

Recently, we identified a gene encoding a novel N-methyl-L-amino acid 
dehydrogenase (NMAADH, EC 1.5.1.21, GeneBank accession no. AB190215) 
in Pseudomonas putida ATCC 12633 and succeeded in the functional expression 
of the enzyme in host Escherichia coli BL21 (DE3) cells (77). The enzyme 
converts a α-keto acid and methylamine into the corresponding NMA in an 
NADPH-dependent manner. We also established an NADPH regeneration 
system in an enzyme-coupled system employing glucose dehydrogenase (GDH) 
from Bacillus subtilis, and reported the synthesis of optically active N-methyl-L-
phenylalanine from phenylpyruvic acid and methylamine (75). Using this system, 
N-methyl-L-alanine is also produced and the productivity is sufficiently good to 
enable commercial production. Table 1 shows the substrate specificity of 
NMAADH. This result indicates NMAADH has a wide range of substrate 
specificity, so that various N-methylated unnatural amino acids can be produced 
by this system. In situations where α-keto acids are not available, we established 
a process starting from amino acids (Scheme 1). We combined D-amino acids 
oxidase and NMAADH and produced vV-methyl-L-methionine from D-
methionine. 

2. Cyclic amino acids (Cyclic imino acids) (CAA) 

Cyclic amino acids (CAA) are also components of many drugs. Thioproline 
is the starting material for synthesis of the antagonists of α4β1 integrin (19). L-
Pipecolic acid is a component of several immunosuppressants, such as 
Tacrolimus (20). 

Several methods for the chemical preparation of optically active CAA have 
been reported. Ring closure by the alkylation of amino group of chiral amino 
acid is a feasible method to synthesize CAA. Ohtani et al. reported 
photocatalytic synthesis of pipecolic acid from N, ω-substituted α,ω-diamino 
carboxylic acids by intramolecular reductive amination (27) [Figure 2 (1)]. 
Shiraiwa et al. reported 1, 4-thiazane-3-carboxylic acid synthesis from cysteine 
by intramolecular nucleophilic substitution (22) (Figure2 (2)). Ring expansion of 
chiral aziridine is also useful method. Kogami et al. reported 3-
morpholinecarboxylic acid was synthesized by nucleophilic ring opening of 
aziridine and following ring closing reaction (23) (Figure2 (3)). The combination 
of asymmetric alkylation of chiral auxiliary derived from glycine and following 
ring closing reaction is also useful as the general method for the preparation of 
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Table 1. Substrate specificity of NMAADH 

R Relative activity (%) 
CH 3 

100 
C6H5CH2 30 

CH 3CH(CH 3)CH 2 
9 

(CH 3) 2CH 0 
CH 3CH 2CH(CH 3) 0 

CH 3 CH 2 
29 

CH 3(CH 2) 2 
16 

CH 3(CH 2) 3 
52 

CH 3(CH 2) 4 
7 

HOOCCH 2 
94 

HOCH 2 
6 

NH5 0 CH3NH2 ,CH 3 

X' — - X 
R C 0 0 H D-amino acid R ° ° ° Η NMAADH R COOH 

oxidase a _ k e t Q a c j ( j s / ^ \ /V-methyl-L-amino acids 
NADPH NADP+ 

Gluconolactone ~* Glucose 
Glucose 
dehydrogenase 

Scheme J. Enzymatic preparation of NMA from D-amino acids 
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CAA. Seebach et al reported the synthesis of azepane-2-carboxylic acid from 
ter/-butyl 2-(/^r/-butyl)-3-methyl-4-oxo-l-imidazoline-carboxylate (24) (Figure2 
(4)). 

Enzymatic preparation has also been reported. The conversion of ornithine 
into L-proline by ornithine cyclase in Clostridium PA 3679 (25), the preparation 
of L-pipecolic acid from L-lysine by recombinant Escherichia coli (26), and the 
production of l,4-thiazane-3-carboxylic acid, piperazine-2-carboxylic acid, and 
5-hydroxypiperidine-2-carboxylic acid by recombinant Escherichia coli-
expressed ornithine cyclase of Streptomyces species (27) have been reported. 
However, these chemical and enzymatic preparations have the disadvantage of 
requiring chiral compounds as reaction substrates. This is because the 
enantiomeric purity of the product depends on the purity of the substrate, that is, 
these enzymes react only with L-form of amino acids. 

We established a CAA production method using NMAADH, GDH, and 
amino acid oxidase (28). In this system (Scheme 2) many types of CAA [(5)-4a-
g] are produced from both enantiomers of α,ω-diamino acids (1) or CAA (4). 
Most starting compounds used in this method are commercially available. For 
the production of 7-membered CAA, L-homolysine (Id) and L-aminopropyl-
cysteine (If) were prepared from L-lysine and L-cysteine, respectively, according 
to known methods (29, 30). 

α,ω-Diamino acids (1) were oxidized to α-keto acids (2) by L-amino acid 
oxidase (LAO) or lysine oxidase (LO), and these were spontaneously converted 
to a cyclic imine structure (3). The cyclic amine was subsequently reduced to 
CAA by NMAADH. 

β-hydroxy-a-amino acids (HAA) 

β-Hydroxy-ot-amino acids (HAA) are found in natural amino acids such as 
serine or threonine, and, in recent times, unnatural types of HAA have been used 
as pharmaceutical intermediates. (2R, 3/?)-2-amino-3-hydroxy-3-cyclohexyl-
propanoic acid (Figure 3, 5) is a key component of the CCR5 antagonist ONO-
4128 (31). ONO-4128 has unique spirodiketopiperazine structure and shows 
high binding affinity to CCR5 and exhibit very low toxicity. Since ONO-4128 
had received considerable attention as a promising candidate for the 
development of a new HIV drug, much effort was paid to establish the industrial 
synthetic process. Especially many types of synthetic routes of 5 had been 
reported by various groups in the worldwidç. 

HAA have two adjacent chiral centres; thus, two types of synthetic control 
are required, diastereoselectivity (anti) and enantioselectivity (R,R). 
Consequently, optical resolution is initially performed (Figure 4). Various 
technologies, such as simulated moving bed (SMB) chromatographic separation, 
enzymatic enantioselective ester hydrolysis, and diastereomer salt formation 
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OH Ο 
OH 

NH 2 

C0 2 H 

Ο Ό 0 2 Η 
(2R,3R)-S 

ONO-4128 

Figure 3. HIV drug, ONO-4128 

were studied by Tanaka et al. (32). In addition, they also looked at diastereomer 
formation by a ring-opening reaction with a chiral amine via nucleophilic attack 
and obtained an adduct with (/?)-phenetylamine (8). Both chiral epoxide [(2S, 
3R)-7] and 8 can be transformed into (2R,3R)-5 by the usual method. Yamamoto 
prepared (2R,3R)-5 (99% ee) by cleaving the unnecessary L-form in the racemic 
substrate (5), which was easily prepared from epoxide (7) via short steps using 
Pseudomonas putida-der'wed L-phenylserine aldolase (33). 

The asymmetric aldol reaction of an enolate-bearing chiral auxiliary is a 
well-employed method for the preparation of chiral HAA via short steps. 
Matsunaga reported the enantioselective aldol reaction of cyclohexylaldehyde 
using a titanium enolate derived from iminoglycinate (9), and succeeded in 
obtaining the chiral aldol product (10), which on subsequent hydrolysis with acid 
produced ethyl ester (11) with a high ee (97.3% ee as the N-Boc form) [Figure 5 
(1)] (β4). Ooi reported the direct asymmetric aldol reaction of a glycinate Schiff 
base (12) with an aldehyde catalyzed by a chiral quaternary ammonium salt 
[Figure 5 (2)]. 7er/-Butyl ester (14) was obtained in high selectivity (98% ee); 
however, an excess amount (5 eq) of aldehyde was required to achieve the high 
conversion (35). These chemical methods require an N-protected glycine 
derivative. In contrast, biocatalytic asymmetric aldol reactions enable the direct 
aldol reaction between an aldehyde and an unprotected glycine. Recently, 
Steinreiber reported an improved enzymatic procedure using D-threonine 
aldolase derived from Alcaligenes xylosoxidans [Figure 5 (3)] (36). The product 
was the Ό-syn-form with high enantiopurity but relatively low 
diastereoselectivity. No example regarding the high enatio- and diasteroselective 
preparation of 5 using a biocatalytic aldol reaction has been reported. 

Nishiyama prepared chiral oxirane (17) by the Sharpless oxidation of ally I 
alcohol (16), derived from the olefin 15, and obtained (2R,3R)-5 by subsequent 
alcohol oxidation and ring-opening reactions (37). Riela synthesized chiral diol 
(19) by the Sharpless asymmetric dihydroxylation of an unsaturated ester (22) 
and prepared (2R,3R)-5 via the aminolysis of cyclic sulfite derived from 20 (38). 
These "oxidation" strategies have demonstrated their utility in organic synthesis; 
however, the overall process requires several steps (Figure 6). 
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Asymmetric reduction via dynamic kinetic resolution (DKR)—the 
asymmetric reaction accompanying the racemization of the neighboring atom to 
prochiral carbon—is often used to control two adjacent chiral centers. Noyori 
studied the asymmetric hydrogénation of N-acyl-a-amino-p-keto (21a) esters 
using a Ru-ΒΓΝΑΡ catalyst and selectively obtained the syn isomer (22a) (39). 
In 2004, Makino and Mordant independently reported the highly awf/'-selective 
DKR of β-keto-a-amino esters (Table 2). They found that the anti isomer was 
obtained selectively by using the hydrochloric salt of β-keto-a-amino esters as 
the substrate instead of jV-acyl-a-amino^-keto esters. Makino reported that 21b 
was hydrogenated and selectively yielded the anti form (95% de) using a Ru-
ΒΓΝΑΡ catalyst (40). Mordant found that the same selectivity was achieved in 
the hydrogénation of β-keto-a-amino esters by using the SynPhos ligand (41). 
Furthermore, Katsuura reported that the C3-TunePhos ligand exhibited higher 
selectivity in the reduction of 21c (42). 

Table 2. Asymmetric reduction by chemical catalysts 

OH 

X c C 0 2 R 3

 C 3 t a l y S t , R A ^ C 0 2 R 3 + ρ / V / C 0 2 R 3 Ri : + Ri : 

H R2 H R 2 Η R2 

21 syn 2 2 anti 

Compound R1 R* Râ Catalyst yield % syn : anti ee% ref 
21a Me Ac Me (R)-BINAP 100 99:1 98 38 
21b cyclohexyl Η Me (R)-BINAP 84 2.5 : 97.5 96 39 
21c cyclohexyl Η Et (R)-C3-TunePhos 100 1 : 99 99.5 41 

Similar to the asymmetric reduction by chemical catalysts, biocatalytic 
asymmetric reduction accompanying DKR has been reported by several groups. 
Fadnavis et al. reported that Baker's yeast could also reduce N-acyl-a-amino^-
keto esters, but they found that most of the starting material decomposed through 
the hydrolysis of ester to acid and subsequent decarboxylation to form β-
ketoacetoamide (43). Therefore, only a small amount (10%) of the 
corresponding aminoalcohol was obtained. Fadnavis et al. also studied the 
reduction of a-azido^-keto esters using Baker's yeast and isolated alcohol 
dehydrogenase (44). The major product of the reduction reaction was the D-form 
of anti-hydroxyamino acids; however, the highest diastereoselectivity was only 
92% de (pH 4). When the reaction was carried out at pH 7, no 
diastereoselectivity was observed. 

As a first step in the preparation of (2R,3R)-5, we screened biocatalysts and 
substrates. As biocatalysts, we had previously prepared a "reductase library" that 

  
 



370 

contains Escherichia coli transformants harboring the carbonyl reductase and 
glucose dehydrogenase genes in a co-expression system. 

We synthesized various aminoketone derivatives (Table 3) and subjected 
these to enzymatic reaction. When the N-benzoyl compound (21 f) was used, the 
biocatalytic reduction catalyzed by carbonyl reductase from Exiguobacterium sp. 
(45) yielded the anti form of 22 with a good selectivity; however, a by-product 
(23) was still formed. We estimated that decarboxylation occurred via hydrolysis 
of the ester by esterases produced by Escherichia coli. Therefore, we searched 
for a substrate that did not cause hydrolysis. Consequently, we found that when 
yV-benzoyl isopropyl ester (21g) was used, an excellent yield and selectivity were 
achieved (99% yield, >98% de, >99% ee) (46). 

Table 3. Asymmetric reduction by biocatalysts 

0 

r 1 A ^ C 0 2 R 3 

H % 2 

biocatalysts R 1 ^ C 0 2 R 3 + ( 

H ' ^ R 2 

λ 
21 22 anti 23 

Entry. R' R' RJ Yield % de% ee % 
21b cyclohexyl H Me 0 
21d cyclohexyl Boc Et 23 90 N.D. 
21e cyclohexyl Ac Et 2 26 
21f cyclohexyl Bz Et 53 86 99 
21$ cyclohexyl Bz iPr 99 >98 >99 

After the primary screening of substrates and enzymes, we started the scale-
up research for pilot production. The main issues in the bioprocess were the 
continuous control of decarboxylation, the improvement of the reaction speed, 
and reducing the cost of NADPH—the cofactor of reductase. We found that 
ammonium sulfate or sodium sulfate was a good additive to inhibit the esterase 
reaction. In order to reduce the quantity of NADPH used and also to improve the 
reaction speed, we have applied the method of directed evolution to the enzyme. 
The gene that encodes the wild-type enzyme was subjected to random 
mutagenesis using error prone polymerase chain reaction (47). We screened the 
mutants library and selected best one. After sequencing DNA, the best mutants 
turned out to have amino acid substitutions at position 88. Then we applied 
saturation mutagenesis to the point (48). We found that the variant F88I, namely 
phenylalanine at position 88 was exchanged into isoleucine, showed more than 
10 times higher activity. Repeating mutagenesis, finally, we established a novel 
robust enzyme system that hardly requires NADPH and used it for the pilot 
production of (2R,3R)S. 
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Our reaction system is applicable to a wide range of substrates. Table 4 
shows the purity of the products from various substrates using our system. 
Surprisingly, our enzyme exhibited high enantio- and diastereoselectivity not 
only toward aliphatic and aromatic substituents but also toward small and bulky 
substituents. Thus, we can conclude that biocatalytic asymmetric reduction via 
DKR is the most versatile method for the production of optically pure HAA. 

Table 4. Scope of our system for HAA 

RXyC02\Pr * 
OH 

R / k ^ C 0 2 i P r 

NHBz NHBz 
R de% ee% 

methyl 100 98.3 
ethyl 100 99.8 

isopropyl 100 100 
η -propyl 100 99.6 
tert -butyl 100 100 

decyl 100 100 
Phenyl 100 100 

pCl-phenyl 100 100 
2-thienyl 100 99.7 
2-naphtyl 100 100 

Summary 

In this article, we described the synthetic route of unnatural amino acids. 
Numerous synthetic methods have been developed according to the demands of 
pharmaceutical use. We demonstrated the use of a new enzyme that enabled us 
to establish novel economical synthetic routes. Even with known enzymes, the 
design of specific substrates for particular enzymes would be a breakthrough in 
the development of new production routes. The efficient combination of 
chemical and biological syntheses will provide a wide range of amino acid 
derivatives in a cost-effective and environmentally friendly manner. 
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Chapter 23 

Production of Amino Acids Using Wild Type 
and Recombinant Whole Cell Catalysts: 

Using Platform Technologies for Enhancing 
Production Efficiency 

S. Verseck, U. Becker, K. Doderer, S. Oβwald, and W. Wienand 

Department of Process Research and Development, Health and Nutrition, 
Evonik Degussa GmbH, Hanau, Germany 

The use of enzymes and whole cell biocatalysts has proven 
valuable in production of enantiomercally pure proteinogenic 
and non-proteinogenic L- and D- amino acids, and their 
derivatives. These chemicals are of great interest as building 
blocks for pharmaceuticals, cosmetics, and agriculture 
products. In addition to the increasing importance of single 
enantiomers of chiral active ingredients this development is a 
result of recent advances in molecular biological methods like 
recombinant enzyme expression, high throughput DNA 
sequencing and enzyme evolution technologies. This chapter 
gives an introduction of important technologies for Evonik 
Degussa for the production of amino acids by biocatalysis. 

Evonik Degussa GmbH, and especially the business unit Health and 
Nutrition has a long tradition in producing amino acids and their derivatives by 
chemical and biotechnological means. Biotechnological production of amino 
acids today serves a market with strong prospects of growth. Well known are 
fermentation processes, which are now widely established in industrial scale for 
the production of proteinogenic amino acids (/). In this chapter we will focus on 
the production of amino acids via biocatalysis and biotransformation. 

© 2009 American Chemical Society 375 
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Most of the customers of the business line Exclusive Synthesis & Catalysts 
are pharma-companies which use the amino acids as precursors for various 
API's. This fact leads to following challenges for the production of fine 
chemicals: As a supplier Evonik Degussa has only limited insights into the need 
of different customers and their in-house developments. When customers request 
a certain compound, they want to know whether an enzymatic reaction of interest 
is feasible or not, they want to have price indications and, a sample. And all that 
in a quite short time line of less than 10 weeks. That means no time consuming 
work like screening for suitable enzymes or tailoring of existing enzymes via 
evolutionary techniques are possible in the first step of testing the feasibility. 
Therefore, to be able to respond on customer requests we need enzymes off-the-
shelf, scaleable expression systems and predictable cost structures, means we 
need enzyme platform technologies. In the following article we will introduce 
different enzyme platforms for the production of amino acids via whole cell 
biocatalysts. 

The application of biotechnological methods for the production of fine 
chemicals was pushed by the rapid progress in the fields of micro- and molecular 
biology, e.g. the genetical screening for new enzymes by gene probes, the 
activity screening, or the screening in metagenome libraries (2, 3, 4, 5). In recent 
years new technologies have been developed to accelerate the screening for 
desired biocatalysts by High-Throughput-Screening (HTS) methods (6, 7). Also 
new developments on the field of enzyme optimization, e.g. better understanding 
of the mechanism how enzymes work (rational design) and/or applying random 
methods like error prone PCR or gene shuffling (directed evolution) lead to more 
efficient biocatalysts (8, 9, 10). 

The advantages of biotransformation driven by biocatalysts are proceeding 
at mild reaction conditions, for instance at neutral pH and room temperature. 
Most of the processes proceed in aqueous media, which helps to avoid organic 
solvents. Enzymatic reactions are highly substrate specific and highly effective 
so that by-product formation is low or not detectable, and leads to an easier 
product isolation. Moreover, many reactions are chemo-, regio- or 
enantionselective so that biocatalysts are preferably used for the production of 
pure enantiomeres (//, 12). 

There has been a growing number of biocatalytic processes for the 
production of enantiomerically pure intermediates for the pharmaceutical 
industry during the last decade. In addition to the increasing importance of 
single enantiomers of chiral active ingredients this development is a result of 
recent advances in technologies stated above. A particularly efficient approach is 
the application of recombinant microbial whole-cell biocatalysts so-called 
"designer cells" providing each enzyme at the optimum amount. Even two and 
three-step biotransformations can be accomplished combining and adapting 
enzymes from different sources. In this manner all of the required enzymes can 
be produced in only one fermentation, and cell disruption as well as 
clearification/concentration of the enzyme solution is dispensable. Furthermore 

  
 



377 

the separation of the biocatalyst after biotransformation can easily be done by 
flocculation and filtration of the biomass. Substantial substrate and product 
transfer limitations through the cell membranes have never been observed using 
frozen or spray dried biocatalysts. 

All above stated features together leads to savings in material, in energy, 
and less formation of waste and pollution. That makes biotechnological 
processes favorable for the sustainable production of fine chemicals and 
especially enantiomerically pure amino acids (//, 12, 13). 

The Acylase Platform 

The resolution of N-acetyl DL-amino acids by use of immobilized acylases 
is one of the first industrial large scale processes for the production of L-amino 
acids (14) The numerous investigations on L-acylase (acylase I) have been 
summarized in several review-articles (15, 16, 17). Acylases are commercially 
available from porcine kidneys and, more important, from the fungi Aspergillus 
oryzae and Aspergillus melleus. The Aspergillus enzymes are provided by 
Amano in Japan. The stability tests in a repeated batch-fashion (15, 18, 19) 
showed that the enzyme from Aspergillus oryzae is more resistant towards 
deactivation and oxidation than the enzyme from porcine kidney. At Degussa a 
large scale acylase process have been established since the 1980's for the 
production of L-methionine. Enantiomerical pure amino acids are interesting 
compounds in infusion solutions, as feed and food additives, as intermediates for 
pharmaceuticals, cosmetics, and pesticides, and as chiral synthons in organic 
synthesis (20). Several tons per year of L-methionine are produced by this 
enzymatic conversion with an enzyme membrane reactor (EMR) (21). Beside 
this important amino acid other proteinogenic and non-proteinogenic L- and D-
amino acids can produced by this method, e.g. L-a-aminobutyric acid, L-valine, 
L-phenylalanine, D-serine or D-valine. 

The starting materials in the acylase process are N-acetyl-D,L-amino acids 
which are chemical synthesized by acetylation of D,L-amino acids with acetyl 
chloride or acetic anhydride in alkali in a Schotten-Baumann reaction. The 
enantiomerically pure L-amino acids are formed by a kinetic resolution reaction 
of this racemic mixture wherein only the N-acetyl-L-amino acid is deacetylated. 
This reaction is catalysed by a stereospecific L-acylase from Aspergillus oryzae 
and produces the L-amino acid, acetic acid and N-acetyl-D-amino acid. After 
separation of the L-amino acid by crystallization, the remaining N-acetyl-D-
amino acid has to be racemized by physical or chemical means under severe 
conditions (high temperature, low pH) to form the N-acetyl-D,L-amino acids and 
will be used for a next cycle of the process (figure 1). The use of a D-specific 
acylase also makes D-amino acids accessible. 

It has to be pointed out that the enzyme catalyzed kinetic resolution 
produces a yield of about 50% referring to the staring material, and the recycling 
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procedure is a fairly energy and chemical consuming process so that there was 
still need to enhance the performance of this process. 

The Acylase/yV-Acylamino Acid Racemase Process 

Application of a cheap N-acylamino acid racemase would have to be 
considered as a breakthrough for the acylase technology. If N-acetylamino acids 
could be selectively racemized by an enzyme in presence of an optically active 
amino acid, then N-acetyl-D,L-methionine could be converted completely into 
L-methionine by the combined action of a racemase with L-aminoacylase 
without any intermittent separation step (Figure 1). Such a N-acetylamino acid 
racemase (AAR) activity was found by Tokuyama et al. (22) in various 
actinomycetes strains. The gene for the N-acetylamino acid racemase from 
Amycolatopsis sp. TS-1-60 was cloned, overexpressed in Escherichia coli, and 
the gene product was characterized (23, 24). The requirement for a high 
concentration of divalent metal ions for enzyme activity, substrate inhibition at 
concentrations exceeding 50 mM and inhibition by L-methionine at less than 100 
mM severely restrict the use of this enzyme in a commercial process (25). 

In order to obtain N-acetylamino acid racemases with different properties 
various actinomycetes strains were examined in a genetic screening. As a result 
of that screening we obtained an AAR from Amycolatopsis orientalis subsp. 
lurida which was successfully overexpressed in E. coli (26). This N-acylamino 
acid racemase catalyzed the racemization of various industrial important N -
acylamino acids, which are listed in Table 1. 

Besides N-acetyl-D- and L-methionine, the N-acyl derivatives of aromatic 
amino acids such as N-acetyl-D- and L-phenylalanine, N-acetyl-L-tyrosine and 
N-chloroacetyl-L-phenylalanine were effective substrates. The derivatives N -
acetyl-D-naphthylalanine, N-acetyl-L-tert-leucine and N-benzyloxycarbonyl-L-
phenylalanine were not racemized. In contrast, L-methionine was no substrate 
for N-acylamino acid racemase (26). 

An important characteristic of the enzyme is, that the AAR from A. 
orientalis subsp. lurida exhibited substrate inhibition at concentrations of N -
acetyl-D-methionine exceeding 200 mM in contrast to 50 mM for the racemase 
from Amycolatopsis sp. TS-1-60 27. This fact is important for the use of AAR in 
an industrial racemization process, because the reactor loading with the substrate 
could be much higher with the new enzyme. 

The Hydantoinase Platform 

The hydantoinase process was first introduced in the 70-ies for the 
production of D-amino acids such as D-phenylglycine and p-OH-phenylglycine 
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Table 1. Substrate specificity of N-acylamino acid racemase from 
A. orientalis subsp. lurida. The specific activity with 

N-acetyl-D-methionine was taken as 100%. 

Substrate Relative activity (%) 
jV-acetyl-D-alanine 3 
iV-acetyl-D-aminobutyric acid 11 
yV-acetyl-D-methionine 100 
yV-acetyl-D-naphthylalanine 0 
jV-acetyl-D-phenylalanine 76 
iV-acetyl-D-valine 83 
N-acetyl-L-terMeucine 0 
N-acetyl-L-methionine 130 
jV-acetyl-L-phenylalanine 30 
N-acetyl-L-tyrosine 30 
N-acetyl-L-valine 22 
jV-benzyloxycarbonyl-L-phenylalanine 0 
N-chloracetyl-L-phenylalanine 7 

(27, 28) and L-amino acids like L-Tryptophan (29). Today, a production volume 
of > 1000 tons per year is reached for each of the above mentioned amino acids 
which are used as side chains for the β-lactame antibiotics ampicillin and 
amoxicilin. 

The D-hydantoinase process, of which the reaction scheme is shown in 
figure 2, is an excellent example of a dynamic kinetic resolution process. 
As 5'-monosubstituted hydantoins racemize spontaneously or enzyme-catalyzed 
(30, 31) under conditions used for biotransformation a 100% yield of optically 
pure D- or L-amino acid can be reached. Another advantage of the hydantoinase 
route is that racemic 5'-monosubstituted hydantoins can be easily synthesized 
from cheap starting materials. In addition, if the decarbamoylation step is done 
enzymatically with carbamoylases waste and by-product formation is extremely 
low (C0 2 and N H 4 are the only by-products) which is also advantageous in the 
product isolation step (32). All these features make the hydantoinase route very 
attractive for the industrial production of optically pure artificial amino acids, 
e.g. aromatic D-amino acid or D-serine. 

So far, low space-time-yields and high biocatalyst costs prevented the 
production of L-amino acids based on the hydantoinase process (33, 34, 35). 
Therefore, we have expanded our hydantoinase platform for the production of L-
amino acids focusing on strain development and process optimization by 
biochemical engineering (36). Despite significant progress in reducing the 
biocatalyst production cost, increasing the activity of the biocatalyst and 
improving the space-time-yield process economics were still prohibitive for 
commercialization of this process. 
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We have developed a new generation of an L-hydantoinase process based 
on a tailor-made recombinant whole-cell biocatalyst. The biocatalyst costs have 
been reduced by designing recombinant E. coli cells overexpressing a 
hydantoinase, carbamoylase and hydantoin racemase from Arthrobacter sp. 
DSM 9771. Despite this progress the D-selectivity of the hydantoinase for DL-
methylthioethylhydantoin (DL-MTEH) was significantly limiting the space-time-
yield of the L-hydantoinase process (37, 38). As screening did not provide us 
with better hydantoinases we intended to invert the enantioselectivity of the 
hydantoinase by directed evolution (39). The productivity of the process could 
be dramatically improved using the recombinant E. coli coexpressing the newly 
designed L-selective hydantoinase mutant with an L-carbamoylase and a 
hydantoin racemase. These improvements have been confirmed at industrial 
scale and resulted in a process for the production of various natural and non-
natural L-amino acids, e.g. L-methionine or L-phosphotricine. 

The Amino acid dehydrogenase technology platform 

Evonik Degussa started its L-/erMeucine production more than 20 years 
ago. This 1st generation process is based on purified leucine dehydrogenase 
(LeuDH) from Bacillus cereus and formate dehydrogenase (FDH) from Candida 
boidinii for cofactor regeneration along with the enzyme membrane reactor 
concept (40). Using this enzyme combination a broad range of amino acids are 
accessible in excellent yields and enantioselectivities (figure 3). Especially for 
extremely bulky amino acids like L-/erMeucine, other 2,2,2-trialkylamino acids 
and L-neopentylglycine this can be a superior approach (41). 

To meet future market growth for this amino acids a 2 n d generation whole-
cell biocatalytic process has been developed at Degussa. LeuDH whole-cell 
catalysts with FDH or glucose dehydrogenase (GDH) for cofactor regeneration 
have been constructed and tested. Due to the approx. 50-fold specific activity of 
GDH the latter has turned out to be much more efficient. A pilot production of 
L-neopentylglycine has been run on multi- kg scale at 42 g/L substrate 
concentration with an whole-cell LeuDH/GDH biocatalyst reaching > 95% 
conversion within one day and an optical purity of more than 99.8% ee. The 
starting material α-keto acid is easily accessible through condensation of 
pivalaldehyde with hydantoin and successive hydrolysis . 

Another interesting enzyme which catalyze the cofactor-dependent reductive 
amination of α-keto acids to the corresponding L-amino acids is the 
Phenylalanine dehydrogenase (PheDH). Due to restricted substrate specificity of 
PheDH from Thermoactinomyces intermedius (main substrate is L-
Phe/Phenylpyruvat), only the PheDH from Rodococcus. rhodocrous M4 is 
interesting from a synthetic point of view. PheDH differs significantly from all 
the LeuDHs, as it converts aromatic substrates as well as aliphatic keto acids 
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COo 

FDH 
formate dehydrogenase 

NADH + H + ^ ^ C 0 2 H 

trimethyl pyruvic acid 

LeuDH 
leucine dehydrogenase 

HC0 2NH 4 NAD+ 

C0 2H 

> | ^ N H 2 

(S)-tert-leucine 

Firure 3. Production of L-tert-leucine from trimethyl pyruvate, 1st generation 
process. The Leucine dehydrogenase catalyses reductive ammination of 
ammonium trimethyl pyruvate and the formate dehydrogenase performs 

cofactor regenerates of NAD+ to NADH by oxidation of of formate to 
carbon dioxide. 

which are also accepted by LeuDH. Remarkably, the specific activity of PheDH 
from many bulky aliphatic α-keto acids is even higher than that of LeuDH (42). 

Other Platform Technologies 

Two other amino acids are preferably produced by applying enzymatic 
conversion steps (figure 4). L-Aspartic acid is formed by the aspartase catalysed 
addition of ammonia to fumaric acid. This reaction leads directly to L-aspartate, 
which is required for synthesis of the sweetener Aspartame in large quantities. 
The resulting aspartate serves also as staring material for enzymatic production 
of L-alanine by using immobilized aspartate β-decarboxylase from 
Pseudomonas dacunhae (43, 44). 

3,4-Dihydroxyphenyl-L-alanine (L-DOPA) is another amino acid produced 
via a lyase catalysed reaction. Whole cells of Erwinia herbicola containing 
tyrosine phenol lyase catalyse the stoichiometric conversion of phenols and 
alanine or a mixture of pyruvate and ammonia to tyrosine derivatives (figure 5). 
More than 250 tons L-DOPA are produced per year, approximately half of it by 
the enzymatic process. DOPA is mainly used in the treatment of Parkinson's 
disease (45, 46). 
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L-cysteine can be produced from racemic 2-amino-A2-thiazoline-4-
carboxylic acid (DL-ATC) via an whole cell process with Pseudomonas sp. cells 
containing an ATC-hydrolase and also an ATC-racemase. This enzyme 
combination enables a dynamic kinetic resolution with > 90% yield (47). 

Another process for the preparation of enatiomercally pure amino acids by 
use of whole cell biocatalysts was proposed by Weckbecker and Hummel (48, 
49). In that recombinant system an bacterial D-amino acid oxidase is 
coexpressed with LeuDH from Bacillus cereus in an E. coli strain. The desired 
L-amino acid, here L-methionine for example, is produced through enzymatic 
resolution of DL-amino acid, using both coordinately formed enzymes. The 
process will lead to nearly 100% conversion of the racemic mixture of DL-amino 
acids which is the big advantage applying such a whole cell catalysts for the 
production of L-amino acids (figure 5). For further details of other industrial 
applications of D-amino acids refer (50, 51). 

A third example is the synthesis of chiral α-amino acid starting from α-keto 
acids via transamination performed by transaminases (aminotransferases). Such 
an reaction has already been reported by NSC Technologies (52, 53, 54) and can 
be used for the preparation of L- and D-amino acids whereas the transferred 
amino group comes from an inexpensive amino donor, e.g. L-glutamic acid. 
Transaminases requires an enzyme bound cofactor, most commonly pyridoxal 
phosphate, for proper function. The substrate specificity is broad, allowing the 
conversion of large variety of keto acid substrates to desired amino acid 
products with high enantioselectivity (55, 56). 

An example for an efficient asymmetric transamination process is the 
production of L-alanine (figure 6), which is carried out in a continuous manner 
starting from prostereogenic pyruvat, and L-glutamate as amino donor, with a 
high space-time-yield of 4.8 kg/1 d (55, 56). Several non-proteinogenic α-amino 
acids, e.g. L-phosphinotricine, L-homophenyalanine, and L-tert-leucine have 
been also produced by the transamination technology. 

The problem of asymmetric synthesis of amino acids is the equilibrium of 
the reaction, which doesn't lie completely on the side of the desired amino acid. 
Hence, only small amounts of enantiomerically pure amino acids are formed (55, 
56, 57, 58, 59). The problem of incomplete reactions have been solved by 
coupling the transaminase reaction with another irreversible conversion step that 
consumes the α-keto acid formed (60). An example for such a coupled reaction 
is the decarboxylation of oxalacetate, which is the α-keto acid byproduct when 
using L-aspartate as amino donor (57, 58). Another keto acid consuming helper 
reaction was recently published by the group of Bornscheuer (60) which 
combines a transaminase with an pyruvate decarboxylase, here alanine serves as 
amino donor (figure 7). This system has the advantage that no cofactor recycling 
is required compared to other known procedures using lactate dehydrogenase for 
the equilibrium shift (61). 
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Synthesis of β-Amino Acids 

This chapter deals not with a process performed by whole cell technology 
but with a enzymatic synthesis of the more and more important class of β-amino 
acids, which are attractive building blocks for a new generation of API's. 

Staring point of β-amino acid synthsesis are racemic β-phenylalanines, 
which can be easily obtained by condensation of substituted benzaldehyde with 
malonic acid and ammonium acetate, for instant (figure 8). An subsequent 
esterification proceeds via /7-propanol and the resulting esters are cleaved with 
lipase in a biphasic solvent system to give the corresponding substituted 
enantiomerically pure β-amino acids (62). This Process has been shown to be 
very stable and supplies the desired products in a very high enantiomeric purity 
with an ee greater of 99% and high substance concentrations of about 250 g/1 
(63). These positive parameters have made a substantial contribution to improve 
space-time-yield of the synthesis of this completely new class of industrial 
products that can be now manufactured in large quantities and high quality in an 
economically attractive way. 

glutamate-pyruvate 

glutamic <*-keto-
acid glutarate 

Figure 8. Aminotransferase catalyzed asymmetric synthesis of L-alanine. 

Summary and Outlook 

In the chapters above we provide examples for the development of platform 
technologies for the production of optically pure amino acids. Two different 
dynamic kinetic resolution processes for the production of natural and non-
natural L-amino acids have been established at Evonik Degussa. The first 
process is based on the resolution of 5'-monosubstituted hydantoins and the 
second based on the resolution of N-acetyl amino acids using an acylase in 
combination with a racemase. These platform technologies have been recently 
expanded by a process using oxido-reductases and a co-factor regeneration 
systems for production of amino acids and chiral molecules starting from pro-
chiral ketones. Whether the oxidoreductase platform, the L-hydantoinase process 
or the combination of an L-acylase with and N-acetyl-amino acid racemase (or 
other new technologies) is superior depends strongly on the requested specific 
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product and is influenced by the biocatalyst properties as well as the cheapest 
access to desired substrates. All approaches together provide us with a high 
degree of flexibility for the production of a large number of different L- or D-
amino acids, which is especially important for fast changing product demands 
typical for the fine chemical industry. 

Enzyme catalysts will be the preferred production method for non-
proteinigenic and non-natural amino acids and their derivatives. Modern 
methods such as high throuput screening (HTS) of new enzymes and directed 
evolution will allow development of customized, highly selective, and stable 
enzymes and whole cell biocatalysts, as well as efficient and sustainable 
production of industrial relevant amino acids. 

A. LDH reaction 

Π LDH OH 

/ " ^ C 0 2 H f ^ ^ O 0 2 H 

NADH NAD* 

B. PDC reaction 

Ο PDC Ο 

A " A + C° 2 

' C0 2 H ' Η 

Figure 9. Pyruvate consuming helper reactions shifting the equilibrium in 
transaminase catalyzed asymmetric synthesis: A. Lactate dehydrogenase (LDH) 

and B. Pyruvate decarboxylase (PDC). 
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Chapter 24 

Synthesis of Optically Active α-Methyl Amino Acids 
Using Biotransformation as a Key Step 

Masanobu Yatagai, Takayuki Hamada, Hiroyuki Nozaki, 
Shinji Kuroda, Kenzo Yokozeki, and Kunisuke Izawa 

AminoScience Laboratories, Ajinomoto Company, Inc., 1-1 Suzuki-cho, 
Kawasaki-ku, Kawasaki-shi 210-8681, Japan 

A new method for the synthesis α-methyl-L-cysteine was 
realized by the enzymatic resolution of racemic 2,4-dimethyl-
4-methoxycarbonylthiazoline, which can be derived from 
chloroacetone in 4 steps. α-Methyl-L-cysteine hydrochloride 
with high optical purity was successfully obtained by 
hydrolyzing (4R)-2,4-dimethyl-4-methoxycarbonylthiazoline. 
In an alternative approach, a new enzymatic synthesis of α
-methyl-L-serine was discovered in the stereoselective 
hydroxymethylation of L-alanine. The chemical conversion of 
α-methyl-L-serine to α-methyl-L-cysteine is also demonstrated. 
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α-Methyl-a-amino acids are a class of nonproteinogenic α,α-disubstituted 
α-amino acids, and some compounds, such as (S)-a-methyl tyrosine, (5)-
isovaline, and (S)-a-methyl aspartic acid, are found in nature (1). These amino 
acids are well known as important building blocks, especially in bioorganic 
chemistry. 

(S)-A-ME-TYR (S)-ISOVALINE (S) -A-ME-ASP (S ) -A -ME-DOPA 

Figure 1. Examples of a-methyl a-amino acids 

The peptides in a-methyl-a-amino acids show limited rotation around N -
Cct (φ) and Ca-carbonyl (ψ) bonds, and this stabilizes the conformation of the 
peptide backbone (2). These effects make them remarkably resistant to 
enzymatic degradation. 

Η Ο 

I II 

Ο R C H 3 H 

Figure 2. Peptide bond with α-methyl-a-amino acid 

The antihypertensive drug (S)-ot-methyl DOPA, which inhibits an aromatic 
amino acid decarboxylase, is a typical drug application (3). 

α-Methyl Cysteine 

α-Methyl cysteine plays an important role in peptide chemistry by forming 
constrained cyclic structure with disulfide bridging. Natural products with 
thiazoline rings exhibit antitumor and anti-HIV activities. Thiazoline com-
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pounds derived from α-methyl cysteine have also been reported as drug 
candidates. (4) 

DEFERITRIN DESFERRITHIOCIN 

Figure 3. Drug candidates derived from α-methyl cysteine 

Synthetic Methods for α-Methyl Cysteine 

Many methods for the synthesis of α-methyl cysteine have been reported so 
far. Schôllkopf s alkylation of chiral bislactim ether (5) and Pattenden's self-
reproduction of L-cysteine's chirality (4a) are well-known techniques for the 
asymmetric synthesis of α-methyl cysteine. These methods offer a convenient 
approach to the chiral form, but require relatively expensive reagents such as 
lithium base. The enzymatic hydrolysis of α,α-disubstituted malonate and 
subsequent Curtius rearrangement has been demonstrated for the effective 
synthesis of protected chiral α-methyl cysteines (6). Optical resolution of 
racemic intermediates has also been extensively studied (7). In these approaches, 
sulfur atom is introduced by reaction with sodium hydrogensulfide, tertiary-
butylthiol, benzylthiol, or thioacetic acid. However, these sulfur reagents often 
cause odor issues and require special care to contain them (8). 

New Synthetic Method for a-Methyl-L-Cysteine 

The goal of our study was to satisfy the following concepts and develop a 
new method for the synthesis of α-methyl-L-cysteine 1 with a potential industrial 
application. This method does not require expensive alkylating reagents. The 
sulfur atom is imported from an odorless material. Chirality is realized by 
enzymatic resolution or synthesis. Our preliminary routes to a-methyl-L-
cysteine 1 are outlined in Scheme 1. 

Odorless thiourea 3 was selected as a sulfurizing reagent and converted to 2-
amino-4-methyl-4-methoxycarbonylthiazoline 4. Optical resolution of this 
racemic intermediate 4 was studied. An alternative synthetic route was also 
studied, in which chiral α-methyl-L-cysteine 1 could be derived from a-methyl-
L-serine 6. Soil samples were screened to find a new enzyme to catalyze the 
enantioselective hydroxymethylation of alanine 5. 
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NH, 

B R ^ X O Î M E " 2 ^ N ^ / C 0 2 M e 

j S * • H 2N—^ Τ*» enzyme 

B r 2 

H 2 N ^ C 0 2 H E N Z * M ^ H 2 N V ^ C 0 * H 

4 -< ' , Z " X ; 

H O ' 

H 2 N * C 0 2 H 

H S ^ 1 

Scheme 1. Presumed synthetic routes for a-methyl-L-cysteine 

Synthesis of α-Methyl Cysteine via 2-Amino-4-Methylthiazolines 

While dibromides 2 and 9 were prepared in good yields by the bromination 
of 7 or 8, thiazolines 4 and 10 were not obtained by the reaction with thiourea, 
and the starting material was recovered in all cases (Scheme 2). 

Y 
7 : R = C 0 2 M E 

8 : R = C N 

BR 2 

C H C I 3 

3 0 ° C , 6H 

QUANT 

B R ^ R 

B r 
: R = C 0 2 M E 

R = C N 

NH 2 

S 2 

20H 
H 2 N ^ 

4 : R = C 0 2 M E 

1 0 : R = C N 
: NO REACTION 

HCI, M E O H , 5 0 ° C : NO REACTION 
N A O M E , M E O H , R T : SIDE PRODUCTS 

H 2 0 , 5 0 ° C 

Scheme 2. Synthesis of 2-amino-4-methylthiazolines 

From chloroacetone 11, 2-amino-4-methylthiazoline-4-carboxylic acid 15 
was obtained in 4 steps (Scheme 3). Hydrocyanation of 11 was followed by 
amination, and the amino nitrile 13 was hydrolyzed to a-methyl-P-chloroalanine 
14 under acidic conditions. The reaction with thiourea gave 15 in 90% yield. 

Conversion of 15 to α-methyl-DL-cysteine was tried, but the desired 
compound was not obtained. Electrolysis (9), reaction with nitrous acid and 
subsequent hydrolysis (10), and acidic hydrolysis (11) were all ineffective for 
this compound, even with enzymatic hydrolysis which has been applied for the 
conversion of 2-amino-thiazoline-4-carboxylic acid to L-cysteine on an industrial 
scale (12). Finally, the first presumed route for α-methyl-L-cysteine 1 had to be 
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N A C N
 H°y£H

 N H 3 ^
 H*Hy?N 

r . J H 2 0 r J M E O H r . J „ 
11 <10°C « 0 -20°C £ % « 

N H 2 

H C I , H 2 N C 0 2 H H * H ~ \ 2 N ^ / C 0 2 H 

H 2 0 Ρ ~ H ^ ~ " H 2 N - < 

100°C, 2H C R 14 100°C, 16H S 15 

79% 90% 

Scheme 3. Synthesis of2-amino-4-methyl-4-hydroxymethylthiazoline 

changed. In the revised route (Scheme 4), thiobenzamide 17 or thioacetamide 18 
was used instead of thiourea 2. No problem was expected in hydrolysis of the 
thiazoline compounds 21 and 22 to 1 (Scheme 4) based on the reported results 
(13). 

N H 2 

H 2 N C 0 2 M E R " ^ S N . C 0 2 M E N ^ * C 0 2 M e 

J 17 : R « Ph ENZYME 
C R 18:R = Me S s 

1 6 1 9 : R = PH 2 1 : R = PH 

. H 2 N ^ C 0 2 H 2 ° : R = M E 2 2 : Κ = Μ Β 

H + , H 2 0 

Scheme 4. Revised route to a-methyl-L-cysteine 

SYNTHESIS OF Α-METHYL CYSTEINE VIA 2,4-DIMETHYL-4-METHOXYCARBONYI-
THIAZOLINE 

The reaction of thiobenzamide 17 and a-methyl-P-chloroalanine 14 was 
conducted in methanol with heating, and the desired product 23 was obtained in 
32% yield (Scheme 5). The choice of methanol solvent was important in this 
reaction, since the reaction did not proceed in solvents other than methanol. The 
same conditions were applied for the reaction of thioacetamide 18, but a 
complex mixture was obtained. On the other hand, in the reaction with the 
methyl ester 16, the desired compound 20 was obtained in 82% yield (Scheme 5). 
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ΝΗ2 Η ΐ Ν , Λ Χ ^ Η N ,C0 2H 

\ C | ^ MeOH \ J 
17 14 50°C, 16h 3 2 0 / o 23 

NH2 H 2 N N ^C0 2 Me N ^ / C 0 2 M e 

60°C, 16h 82% 2 0 

Scheme 5. Synthesis of thiazoline compounds 

Reaction of 16 with an equivalent amount of thioacetamide 18 in methanol 
with heating at 60°C for 24 hours gave the thiazoline 20 in 87% yield. The 
hydrochloride of racemic α-methyl cysteine 24 was confirmed to be generated 
from acidic hydrolysis of the thiazoline 20. 

/ N h 2 HCI 
H 2 N . X 0 2 M e 1 8

 N ^ C 0 2 M e Conc.HCI ^ N ^ C O a H 
f S • — ( / j S • 

y> MeOH \ ^ 100°C,16h H S ^ 
U l 16 60°C,24h 20 24 

87% 87% 

Scheme 6. Acidic hydrolysis of2f4"dimethyU4-methoxycarbonylthiazoline 

Enantioselective Hydrolysis of 2,4-DimethyI-4-Methoxycarbonylthiazoline 

Commercially available enzymes were screened for the enantioselective 
hydrolysis of 2,4-dimethyl-4-methoxycarbonyllthiazoline 20 (Scheme 6). The 
substrate 20 was added to 10% wt/wt enzyme and reacted in phosphate buffer at 
30°C for 24 hours. The optical purity of the products was then monitored. In the 
screening, three proteases stereoselectively hydrolyzed an ester and afforded 22 
in higher than 90% ee (Table J). The following issues were noted for scale-up. 
Ester hydrolysis proceeded stereoselectively in a diluted condition (1% w/v), but 
predominant hydrolysis of the thiazoline ring was observed under a higher 
concentration (15% w/v). After the hydrolysis of the enantiomer was completed, 
22 also tended to be hydrolyzed. 
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enzyme 
N .C02Me (lo%wt/wt) N ^ C ° 2 M e N ^ > C 0 2 H 

j 1 -X7 7 s
 + — ? Τ * -

aq.KH2P04

 Χ

δ ^ 
20 pH7,30°C 22 

1-24h 

Scheme 7. Enantioselective hydrolysis of2,4-dimethyl-4-
methoxycarbonylthiazoline 

Table 1. Optical Yields of 22 in Screening Enzymes 

Enzyme 
Reaction Time 

Enzyme 
lh 4h 24h 

Protease Ρ 39% ee (40%) 80% ee (51%) 91% ee (68%) 
Prolether FG-F 23% ee (27%) 61%ee(42%) 99% ee (58%) 
Orientase 22BF - 96% ee (52%) 99% ee (75%) 
Conversion of 2,4-dimethyl-4-methoxycarbony lthiazoline is given in the parentheses, 

Synthesis of a-Methyl-L-Cysteine 

Racemic oc-methyl-P-chloroalanine methyl ester 16 was condensed with 
thioacetamide 18 in 87% yield, and (4/?)-2,4-dimethyl-4-methoxycarbo-
nylthiazoline 22 was obtained in 97% ee via enzymatic resolution. Although the 
purification of the hydrochloride of α-methyl-L-cysteine 1 was difficult in the 
final step, crystallization of 25 was identified as an effective purification process. 
The isolated carboxylic acid 25 was hydrolyzed under acidic conditions, and the 
hydrochloride of α-methyl-L-cysteine 1 was obtained in good yield and higher 
than 99%ee(14). 

ot-Methyl-L-Serine 

A new enzymatic synthesis of a-methyl-L-serine 6 and chemical conversion 
to α-methyl-L-cysteine 1 were also studied (Scheme 9). 

Wilson and Snell reported the hydroxymethylation of alanine as a reversible 
reaction (15). An enzyme, a-methyl-L-serine hydroxytransferase, which was 
isolated from soil bacterium, catalyzed the reversible cleavage of a-methyl-L-
serine to formaldehyde and D-alanine (Scheme 10). In this reaction, 
tetrahydrofolate is added as a cofactor, which takes in the formaldehyde to form 
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• N H J ORIENTASE 
H 2 N ^ C 0 2 M E N C 0 2 M E 2 2 B F N ^ * 0 0 * 1 * 

j r — — ~ - < y * 
C R I R

 M E 0 H A Q . K H 2 P 0 4 S ^ , , 
1 0 6 0 ° C , 2 4 H 3 0 ° C , 2 4 H 

87% 32% 

HCI 9 7 % E E 

AQ.NAOH N ^ . . * C ° 2 H CONC.HCI H2N. . * C 0 2 H 

^ —</ JN • > N 
ETOH, 3 0 ° C Ν ο - ^ 1Q0°C, 24H J 78%IN2STEPS 

25 H S 1 >99%EE 

Scheme 8. Synthesis of a-methyl-L-cysteine 

H 2 N V X 0 2 H H C H O H 2 N ^ C 0 2 H H 2 N ^ C 0 2 M E 

' Β E N Z Y M E H ° 6 « 2 6 
HCI 
H 2 N . % * C 0 2 H > 

H S " A 

Scheme 9. Synthesis of a-methyl-L-cysteine via a-methyl-L-serine 

H 2 N . % * C 0 2 H , , H 2 N V X 0 2 H 
2 N £ 2 A-METHYLSERINE 2 2 

J HYDROXY M E THY I- | 
H O TRANSFERASE 

• Τ H N ^ > ^ „ 
Ν 

TETRAHYDROFOLATE 5,10-METHYLENE-
1 Λ TETRAHYDROFOLATE 

Scheme 10. Reversible hydroxy methylation of D-alanine (12) 

  
 



402 

aminal, 5.10-methylenetetrahydrofolate. This aminal is also reversibly hydro
lyzed to formaldehyde and tetrahydrofolate. We expected to find a new enzyme 
to catalyze the enantioselective hydroxymethylation of L-alanine from the 
screening of soil samples. 

Finding New Enzymes 

One hundred stocked soil samples were screened for new enzymes with the 
ability to catalyze hydroxymethylation of alanine. In this screening, micro
organisms were obtained from soil enrichment cultures, and the cell-free extracts 
were assayed for the ability of enzymes to release formaldehyde from a-methyl-DL-
serine 27 (Scheme 11). Six kinds of enzymes were shown to release formaldehyde. 
Three enzymes were characterized to be independent with regard to tetrahydro
folate co-factor, and thus three quite new enzymes were obtained. Three were 
identified to be Bosea sp., Ralstonia sp., and Variovoraxparadoxus, respectively. 

H 2 N^^C0 2 H microorganism H2N. Χ 0 2 Η H > — • τ -.A 
H ° 27 S 

Scheme 11. Screening soil samples for the metabolism of a-methyl-DL-serine 

The enzymes were isolated from the cell-free extracts, using three 
chromatographies, such as ion-exchange, hydrophobic interaction, and 
hydroxyapatite chromatography, and were finally confirmed to be 
electrophoretically pure. The enzymes were then analyzed to determine their 
amino acid sequences, and the encoding genes were cloned. Eventually, the 
cloned genes were respectively transferred to E.coli. and overexpressed to make 
recombinant cells. The three kinds of recombinant cells were used for the 
synthesis of a-methyl-L-serine 6. 

Enzymatic Synthesis of a-Methyl-L-Serine 

The recombinant cells were respectively mixed with L-alanine 28 and 
formaldehyde, and reacted in phosphate buffer at 30°C (Scheme 12). The results 
are summarized in Table 2. 

As described in Table 2, optically pure a-methyl-L-serine 6 was obtained in 
all cases with excellent reaction yields (16). A small amount of D-alanine was 
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H2N C02H V Recombinant cell H 2 N N ^C0 2 H 
2 Ύ ' + • 

= 0 H 100mM KPB (pH7.4) / 
28 0.1 mM PLP, 30°C 6 

Scheme 12. Synthesis of a-methyl-L-serine using recombinant cells 

observed in the reaction mixture, but these enzymes did not catalyze the 
hydroxymethylation of D-alanine in separate experiments. An enzyme derived 
from Bosea sp. was used for kg-scale synthesis and a-methyl-L-serine 6 was 
successfully obtained. 

Table 2. Synthesis of α-Methyl-L-Serine Using Recombinant Cells 

Origin L-Ala 
(mmol) 

HCHO 
(mmol) 

a -Me-L-Ser 
yield (%) 

Varivorax 15 14 98 
Bosea 15 15 95 

Ralstonia 60 60 89 

Synthesis of α-Methyl-L-Cysteine from a-Methyl-L-Serine 

The chlorination conditions for α-methyl serine 6 were screened. In the first 
trials using thionyl chloride or phosphorous pentachloride, the desired β-
chlorinated product was not obtained. These results suggest that the bulkiness 
around the quaternary carbon could interfere with the substitution on the β-carbon. 

As depicted in Scheme 13, a methansulfonate 29 was prepared from a-
methyl-L-serine 6 in several steps, and reacted with thioacetamide 18. Under the 
same conditions as in the reaction of a-methyl-P-chloroalanine methylester 16, 
no desired product was observed in the reaction mixture. 

N H 2 

H 2 N_C0 2 Me H S « N ^ < f * M e 

ΜβθΛ 9 " e 0 H S 22 2 9 60°C, 16h " not obtained 

Scheme 13. Reaction of the mesylate with thioacetamide 
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Finally, the chlorination of N-Cbz-ct-methyl-L-serine methylester 31 
proceeded with triphenylphosphine in carbontetrachloride upon heating at 80°C 
for 16 hours (Figure 14). The desired product 32 was isolated in 37% yield. 
After acidic hydrolysis of the Cbz-group, a-methyl-P-chloroalanine methylester 
26 was converted to the hydrochloride of α-methyl-L-cysteine 1 through the 
reaction with thioacetamide and subsequent acidic hydrolysis. Although the 
conditions have not been optimized and the yield is low, a new method was 
realized for synthesizing α-methyl-L-cysteine 1. 

HCI 
H 2 N ^ C 0 2 H HCI H2N *C02Me C b z C I CbzHN^C0 2Me 

3 ^ MeOH MeOH,H20 J 
70°C,26h H 0 30 pH8,30°C,24h Μ ϋ 31 

HO" 
6 

70% 
PPh3 CbzHN *C02Me 1. H+, H20 H2N. %*C02Me i n 2 S t e p S 

^ γ * ^ γ ; 
CCI4 

80°C, 16h 
37% 42% 

HCI 
H2N v^,\C02H 

:«4 C |J^ 2. H', MeOH &yT 

HS^ 1 71% 

Scheme 14. Synthesis of α-methyl-L-cysteine from a-methyl-L-serine 

α-Methyl-L-Serine as Chiral Building Block 

There have been many studies on the chemical transformation of chiral a-
methyl serine into advanced compounds. In those studies, activated compounds 
such as β-lactone 33, sulfamidate 34 and aziridine 35 were synthesized as key 
intermediates (17). The aldehydes 36 and 37 derived from a-methyl-L-serine 6 
are also interesting intermediates for the alkylation by Grignard reagents or 
Wittig reagents, etc. (18). 

Conclusions 

New methods for the synthesis of α-methyl-L-cysteine 1 and a-methyl-L-
serine 6 with biotransformation in key steps were developed. With the use of 
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Figure 3. Chiral building blocks derivedfrom a-methyl-L-serine 

odorless thioacetamide 18, racemic 2,4-dimethyl-4-methoxycarbonylthiazoline 
20 was prepared, and D-selectively hydrolyzed to (4/?)-2,4-dimethyl-4-
methoxycarbonylthiazoline 22 with some commercially available enzymes. 
After the stepwise hydrolysis of 22, the hydrochloride of α-methyl-L-cysteine 1 
was obtained in high optical purity. 

By screening soil samples, we identified new enzymes that could catalyze 
the hydroxymethylation of L-alanine 28 independent of the unstable cofactor 
tetrahydrofolate, and the one-pot synthesis of a-methyl-L-serine 6 was realized 
using recombinant cells. Finally, the synthesis of α-methyl-L-cysteine 1 was 
demonstrated starting from a-methyl-L-serine 6. 
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A novel method for the synthesis of amino acids is described: 
deracemization from racemate to a single enantiomer with 
only one recombinant E. coli. The plasmid harbored 4 genes 
required for the reaction, which code D–amino acid oxidase, L– 
amino acid dehydrogenase, formate dehydrogenase, and 
catalase on a single operon. With this recombinant E. coli, the 
entire deracemization process was carried out in a single cell, 
i.e., "cell factory." 

Introduction 

Generally, many steps are needed to synthesize a desired compound. A 
"one-pot reaction" is a strategy that seeks to achieve sequential reactions in a 
single reactor. There is no need for purification at each step. Instead, the 
reaction must be checked, the next compounds are added, and the reaction 
conditions are adjusted. 

Enzymatic reactions are attractive methods in organic synthesis because they 
exhibit high chemo-, regio-, and enantioselectivity. Such high selectivity 
reduces the need for purification. Another attraction is that such reactions can be 
carried out under the ambient conditions, i.e., under similar conditions. Thus, 
the reactions with some enzymes are suitable for use as one-pot reactions. 

Amino acids are popular starting materials for asymmetric synthesis, (the 
so-called chiral pool method) because they are natural compounds with chiral 
centers (1). Since amino acids have common structures, we can plan a process 
from amino acids regardless of whether they are natural or unnatural. When we 
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need an unnatural aromatic amino acid, we can easily synthesize it, e.g. by 
amination of the corresponding α-keto acid. On the other hand, we cannot use 
this synthetic route for industrial production due to the cost of the corresponding 
α-keto acid when we need an unnatural amino acid with an alkyl chain (Figure 1). 
As a result, we select deracemization from a racemic amino acid, where the 
undesired enantiomer is converted into the desired one. Turner reported one-pot 
amino acid synthesis by deracemization (2). This process consisted of the 

Figure 1. Synthesis of (a) α-keto acid and (b) racemic amino acid, 
(a) R = Aromatic group: a-Keto acid should be obtained without side reactions. 
R = Aliphatic group: Aldol condensation should occur since aliphatic aldehyde 
has a-hydrogen(s). (b) Racemic amino acid is obtained by Strecker reaction. 

enantioselective oxidation of D-amino acid to imine by D-amino acid oxidase 
and the reduction of imine to racemic amino acid by a hydride reducing agent or 
metal catalyst (Scheme 1). 

We used an unnatural amino acid, L-norvaline (L-2-aminopentanoic acid, L-
Nva), as a target material. We designed a reaction so that all of the steps of 
deracemization for the production of L-Nva could be performed using only 
enzymes (3, 4). We used whole recombinant cells as a biocatalyst, since living 
cells, which contain enzymes, can multiply by cultivation. In addition, since the 
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NH, oxidation by 
^ D-amino acid 

R C02H oxidase 

reduction 
[H] 

NH 

R C02H 

Hp 

H 20 

Ο 

Λ. R C02H 

NH 2 oxidation by 
^ L-amino acid 

R C02H oxidase 

reduction 
[H] 

NH 
A. R C02H 

Hp 

Hp 

Ο 
.A. 

R C02H 

Scheme J. Reproduced from reference 2. By permission of The Royal Society 
of Chemistry. 

genes coding the necessary enzymes were expressed on a single operon, all of 
the necessary catalysts could be obtained by a single cultivation. Since all of the 
steps of deracemization proceeded in a single cell rather than in one pot, we call 
this approach "a cell factory." 

Results and Discussion 

Screening of Enzymes 

Several routes are possible for deracemization (Scheme 2). Our enzyme 
library had one D-amino acid dehydrogenase, two D-amino acid oxidases, six 
amino acid dehydrogenases, and two amino acid transaminases. Enzyme 
screening was performed with these enzymes. Escherichia coli was used as a 
host microorganism for the expression of these genes. 
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The enzyme for the first step [conversion of D-Nva to 2-oxopentanoic acid 
(2-ketovaleric acid, KVA)] might be a D-amino acid dehydrogenase or a D-
amino acid oxidase. Since the high expression of these enzymes affects the 
metabolism of D-amino acid and inhibits the synthesis of cytomembrane, they 
might be toxic for the host. In fact, since transformants that expressed D-amino 
acid dehydrogenase with high efficiency did not exhibit constant enzymatic 
activities, D-amino acid oxidase from Candida boidinii (CbDAO) (5) was 
selected. Fortunately, CbDAO was not inhibited by L-Nva. 

The second step (conversion of KVA, the product of the first step, to L-Nva) 
was thought to be transamination with amino acid transaminase and reductive 
amination with L-amino acid dehydrogenase. Transamination is an equilibrium 
reaction and L-glutamate is usually used as an amino-donor. If L-aspartate is 
used as an amino-donor, the resulting oxaloacetate may be decomposed into 
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pyruvate, and thus the equilibrium is probably shifted to the right (Scheme 3). In 
fact, the reaction with transformants that highly expressed amino acid 
transaminase and L-aspartate as an amino-donor did not show the expected 
equilibrium shift. In the best result, 17 equiv. of L-glutamate was needed to 
reach >99% conversion with a branched-chain transaminase from Escherichia 
coli, which is unfavorable for an industrial process. 

We also screened amino acid dehydrogenase, including alanine 
dehydrogenases (AlaDH), leucine dehydrogenases (LeuDH), and phenylalanine 
dehydrogenase (PheDH). AlaDHs exhibited low activities for KVA. Although 
LeuDHs had adequate enzymatic activity, a reaction with over 4% substrate did 
not run to completion due to substrate inhibition or inactivation of the enzyme by 
a high concentration of substrate. PheDH from Thermoactinomyces intermedius 
(TiPheDH) (6) had sufficient activity and inhibition or inactivation was not 
observed. It also showed perfect enantioselectivity, in that the D-form 

Scheme 3 

was not detected in the reaction. A mutant of formate dehydrogenase from 
Mycobacterium vaccae (McFDH) which was modified to resist organic solvents 
was used to regenerate coenzyme NADH (7), since this reaction was essential for 
reductive amination with L-amino acid dehydrogenase. 

In summary, three enzymes (CbDAO to oxidize D-Nva, TiPheDH to 
produce L-Nva, and McFDH to regenerate coenzyme) were selected. 

Coexpression of Three Genes Comprising a Single Operon 

We constructed plasmids that expressed the genes of the above three 
enzymes. Figure 2 shows maps of these plasmids. pSE420U is a versatile vector 
that enables the expression of these three genes like an operon (8). The first 
plasmid contained a CbDAO-gene, an McFDH-gene, and a TiPheDH-gene, in 
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that order, and was named pSFTPCOl. The second contained an McFDH-gene, 
a CbDAO-gene, and a TiPheDH-gene and was named pSFTPC02. The third 
contained an McFDH-gene, a TiPheDH-gene, and a CbDAO-gene and was 
named pSFTPC03. Escherichia coli HB101 was transformed with each plasmid. 
The McFDH gene was put at the first or second cistron, since it had less 
molecular activity than the others. The obtained transformants were cultured and 
the activities of enzymes were determined. Cells reached full-broth under the 
general conditions, and the activities of the enzymes were expressed with higher 
efficiency (Table I). 

Deracemization with the Three Enzymes 

We attempted to deracemize DL-Nva with the above recombinant E. coli that 
coexpressed the three genes. Since the oxidation with D-amino acid oxidase 
required oxygen, the speed of stirring was an important factor in the reaction: the 
harder a reaction mixture was stirred, the faster D-Nva was decreased. DO was 
0% in the oxidation of D-Nva, and an increase in DO indicated the disappearance 
of D-Nva. However, the oxidation product, KVA, did not disappear with further 
prolongation of the reaction. An analysis of the reaction mixture showed that L-
NVA was produced in 60% yield and KVA was produced in 3% yield. These 
results suggested that the steric inversion of D-Nva into the L-form occurred only 
partly, and by-product(s) was formed. When D-Nva was used as a substrate, the 
total yield of D-, L-Nva, and KVA was only 40%. When Nva and the other 
materials were stirred with E. coli harboring an empty vector, pSE420U, almost 
all Nva remained in the mixture. These results may be accounted for by the 
decomposition of Nva and/or an intermediate by hydrogen peroxide. Hydrogen 
peroxide is generated along with oxidation by oxidase, and it must be 
decomposed to increase the yield. The best pH for the reaction was 8, since the 
reaction was slow below pH 7 and the product yield became low above pH 9. 
This supports the notion that hydrogen peroxide decomposed Nva and/or an 
intermediate since it is stable under a basic conditions. In addition, butyrate, 
which is the oxidation product of KVA with hydrogen peroxide, was detected in 
the reaction mixture. 

Improvement of Transformant Coexpressing Four Genes of Enzymes 

To increase the yield of L-Nva, two methods were considered. First, the 
activities of TiPheDH and McFDH could be increased, and the reaction from 
KVA to L-Nva could be accelerated. Plasmids were constructed with different 
orders of the genes. Although these plasmids gave different balances of 
enzymatic activities, the reaction yields of L-Nva were reduced. Thus, the 
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Table I. Enzymatic activities of transformants 

Plasmid McFDH TiPheDH CbDAO EcKatE 

pSFTPCOl 0.46 5.56 3.15 _ 

pSFTPC02 0.53 3.27 0.66 -
pSFTPC03 0.63 4.07 0.75 -
pSCCBDOl - - 2.01 218 
pSFCPCOl 0.63 5.30 2.40 399 

N OTE : Units are Units per mg-protein. 

decomposition of KVA and/or Nva with hydrogen peroxide was faster than the 
conversion to L-Nva with TiPheDH and McFDH. Otherwise, pSFTPCOl gave 
the best balance of enzymatic activities. 

The other method was the removal of hydrogen peroxide from the reaction 
mixture. Hydrogen peroxide is an oxidant, and a scavenger may be added to the 
reaction mixture to remove it. On the other hand, catalase can convert hydrogen 
peroxide to oxygen. Therefore, E. coli was transformed by the plasmid 
pSCCBDOl comprised of the genes for D-amino acid oxidase and catalase from 
E. coli (EcKatE) (9). The enzymatic activities could be measured without 
disturbing each other (Table I). 

The fourth gene, catalase, was inserted into the above plasmid pSFTPCOl, 
and the resulting plasmid was named pSFCPCOl. Its gene was placed in the 
fourth frame which is furthest from the promoter since it showed high activity 
(Figure 3). In general, the farther a gene is from the promoter, the lower its 
expression. Its transformant showed an ash green appearance because of heme 
in catalase. The activities of the enzymes are shown in Table I. Those of all the 
enzymes were expressed with high efficiency even in the transformant with 
pSFCPCOl. 

Deracemization in a Cell Factory 

The deracemization process consists of two steps: oxidation of D-Nva to 
KVA and reductive amination of KVA to L-Nva. We attempted to carry out 
these reactions under the same conditions. Under aerobic conditions, L-Nva was 
obtained in 77% yield with 100% e.e. However, the yield of KVA remained at 
21% and prolongation of the reaction did not convert it to L-Nva. These facts 
indicate that while catalase was effective, L-amino acid dehydrogenase and 
formate dehydrogenase were not. 
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Figure 3. Map of the plasmid pSFCPCOl, which harbors 4 genes, 
CbDAO, TiPheDH, McFDH, and EcKatE. 
EcKat E, catalase Ε from Escherichia coli. 

In general, enzymatic reduction prefers anaerobic conditions, since NADH 
reduced with FDH might be reoxidized by a respiratory chain. A two-step 
reaction was then carried out. We sought to achieve the oxidation of D-Nva to 
K V A in the first step under aerobic conditions. Next, aeration was stopped and 
reductive amination of K V A to L-Nva occurred in the second step. In the first 
step, L-Nva was obtained in 60% yield, K V A was obtained in 32% yield, and D-
Nva was not detected. The conversion of K V A to L-Nva was achieved in the 
additional reaction step, and L-Nva was obtained in a final yield of 93% with 
>99.9% e.e. (8). The time course of deracemization process was shown in 
Figure 4. The deracemization of Nva was carried out in a single cell that 
expressed four enzymes. Racemic Nva was incorporated into a cell and L-Nva 
was released, and this cell acted as an amino acid-producing factory. 

Conclusions 

Deracemization from racemate to a single enantiomer is a simple process 
because an additional step, such as racemization in kinetic resolution, is not 
necessary. Deracemization with a single cell is a versatile process because it 
can be applied to other target compounds with suitable sets of enzymes. 
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Time/h 

Figure 4. Time course of deracemization process. 
Closed circle, L-Nva; open circle, D-Nva; closed square, KVA. 1st step is 

indicated the reaction with aeration, and 2nd step is indicated without aeration. 
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Application of Enantiomerically Pure α-Amino Acids in the Total 

Synthesis of Complex Natural Products and Peptides 



Chapter 26 

New Tricks in Amino Acid Synthesis: Applications 
to Complex Natural Products 

Robert M. Williams and Cameron M. Burnett 

Department of Chemistry, Colorado State University, 
Fort Collins, CO 80523 

We report the application of diphenyloxazinone glycinate 
chiral templates to asymmetric syntheses of cylindro-
spermospin, 7-epi-cylindrospermopsin, 7-deoxycylindro-
spermopsin, and spirotryprostatins A and B. Synthetic studies 
toward quinine, nakadomarin A, and palau'amine using these 
templates are also described. 

We have previously described (/) the use of commercially available 
diphenyloxazinones 1 and 2 as versatile templates for the asymmetric synthesis 
of amino acids and natural products containing amino acids. Herein we will 
detail the use of these templates for the synthesis of complex natural products, 
many with no apparent amino acid functionality. 

Figure 1. The diphenyloxazinone glycine templates. 

420 © 2009 American Chemical Society 
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Cylindrospermopsin 

Cylindrospermopsin (3) was isolated from the marine cyanobacterium 
Cylindrospermopsis raciborskii in 1992 (2). Other members of the family 
include 7-e/?/-cylindrospermopsin (4), isolated from A. ovalisporum (5), and 7-
deoxycylindrospermopsin (5), isolated from C. raciborskii (4). While 3 and 4 
were shown to be equipotent hepatotoxic glutathione biosynthesis inhibitors, the 
deoxy analogue 5 showed no activity. During the course of our efforts, Snider 
(5) and Weinreb (6) had reported racemic syntheses of 3, while White (7) had 
synthesized 4 in optically active form. 

We began by alkylation of the enolate of (+)-2 with homoallyl iodide to 
yield alkene 6 (Scheme 1), planning for the new chiral center to set by relay the 
remaining stereocenters of the molecule. Removal of the chiral template via 
Birch reduction furnished protected amino acid 7; treatment with acetyl chloride 
cleaved the Boc group and converted the acid to its mixed anhydride, whose 
LAH reduction furnished the free amino alcohol 8. Treatment with phenyl 
bromoacetate under basic conditions gave oxazinone 9, which was unstable to 
dimerization; immediate oxidation with /w-CPBA yielded the stable nitrone 10. 

At this point we attempted our key intramolecular nitrone 1,3-dipolar 
cycloaddition and were gratified to obtain the desired adduct 11 in 78% yield as 
a single diastereomer, albeit as a 10:1 mixture with the regioisomer resulting 
from endo cyclization. The stereochemical outcome, confirmed by X-ray 
analysis, results from suprafacial addition to the alkene by the nitrone in an exo 
fashion, as shown in the transition state A. This cycloadduct contained the 
necessary stereochemistry for the A ring of the cylindrospermopsin family. (8) 

The lactone of 11 was reduced to the corresponding lactol, and reductive 
amination under hydrogen gave the free amine while also reducing the labile N -

cylindrospermopsin (3): R1 = OH, R2 = H 
7-epi-cylindrospermopsin (4): R1 = H, R2 = OH 

7-deoxycylindrospermopsin (5): R1 = R2 = H 

Figure 2. Members of the cylindrospermopsin family. 
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Ο bond; treatment with p-nitrophenylcarbonate yielded the urea 12 (Scheme 2). 
After much experimentation, we found that subjection of the diol to TEMPO and 
PhI(OAc)2, along with a catalytic amount of MsOH to aid disproportionation of 
the nitroxyl radical, gave the desired aldehyde 13 resulting from selective 
oxidation of the primary alcohol. Treatment of 13 with lithiated nitromethane 
provided the corresponding β-hydroxynitro compound as a mixture of 
diastereomers; treatment with acetic anhydride resulted in elimination to the 
nitroalkene as well as protection of the secondary alcohol, and in situ conjugate 
reduction with sodium borohydride gave the nitroalkane 14. Refluxing in neat 
TFA removed the PMB protection, and conversion to the O-ethyl isourea 15 was 
effected with Meerwein's salt. 

TBAF-mediated nitroaldol reaction of 15 with the dimethoxypyrimidine 
aldehyde 16 gave the adduct 17; immediate quenching was required to prevent 
retro-nitroaldol reaction and equilibration to an equimolar mixture of all four 
possible diastereomers. The quenched adduct 17 was immediately hydrogenated 
to effect reductive guanidinylation of the nitro group onto the isourea, yielding 
18 as an inseparable 1:0.8 mixture of diastereomers. Acidic hydrolysis of the 
acetyl group and pyrimidines produced a separable mixture. Finally, treatment of 
18 with sulfur trioxide-pyridine and molecular sieves in DMF gave a moderate 
yield of 7-ep/'-cylindrospermopsin (4) as a 2:1 mixture with the bis-sulfate (9). 
Cylindrospermopsin (3) was synthesized in a similar fashion (10). 

Nitroaldol reaction between 15 and benzylpyrimidine 19 with cesium 
fluoride and acetic anhydride produced directly the £-nitroalkene 20 (Scheme 3). 
Treatment with sodium borohydride effected conjugate reduction, and 
hydrogénation gave the pyrimidine 21 as an equimolar mixture of diastereomers 
at C8. Cleavage of the acetate and sulfonation yielded 7-deoxy-
cylindrospermopsin (5) and its diastereomer 22. With this material in hand, we 
showed that the proposed structure for 5 was incorrect, and that contrary to 
previous reports, 5 showed potent protein synthesis inhibitory activity (//). 

Quinine 

Quinine (23, Figure 3) is among the most famous alkaloids due to its 
antimalarial properties and has long been the target of synthetic research. Stork 
closed the quinuclidine ring at the N1-C6 bond in his stereoselective synthesis 
(12), while Jacobsen (13) and Kobayashi (14) used the classical Rabe N1-C8 
disconnection. Our plans called for a novel intramolecular SN2' reaction to 
install the C3-C4 bond. 

Our synthesis began with formation of the silyl enol ether 24 of lactone (+)-
2 in near-quantitative yield (Scheme 4). Treatment of 24 with TBAF in the 
presence of aldehyde 25 led to a diastereoselective aldol reaction to give the 
thermodynamic adduct, containing the correct C8 and C9 stereochemistry as 
confirmed by X-ray crystallographic analysis of the TES-protected alcohol 26. 
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Rabe 
disconnection 

Williams 
3 approach 

94 ^ 

'OH Stork 
disconnection 

O M e 
quinine (23) 

Figure 3. Retrosynthetic disconnections of quinine. 

Removal of the N-Cbz group followed by a three-step protocol to remove 
the chiral auxiliary yielded the fully protected amino acid 27. Direct reduction of 
the ester to the aldehyde 28, followed by a Grignard reaction, produced a single 
diastereomeric alcohol. It was subsequently found that the stereochemistry of the 
secondary alcohol was crucial for a successful piperidine-forming reaction, and 
the product directly obtained from this sequence did not lead to the desired 
piperidine system. Thus, the resultant alcohol was oxizided and 
diastereoselectively reduced to secure 29 with the opposite carbinol 
stereochemistry, which led to a productive piperidine-forming reaction. Acetate 
protection, conversion of the benzyl ether to the corresponding mesylate 30 in 
two steps, and treatment with sodium hydride effected cyclization to the 
piperidine ring of 31 in excellent yield. 

At this point we converted the acetate of 31 to the corresponding O-TMS 
ether substrate 32 (Scheme 5). Thus, treatment of 31 with lithium aluminum 
hydride, followed by treatment with trimethylsilyl triflate and N-alkylation, 
provided 32 in high yield for the three steps. Acidic removal of the O-TMS 
residue and oxidation to the ketone 33 followed by formation of the silyl enol 
ether furnished the key substrate 34. Treatment of 34 with tributyltin fluoride in 
the presence of Pd(II) and a phosphine ligand effected the desired C3-C4 closure 
to the quinuclidine and installed the vinyl group with the correct relative 
stereochemistry. The incipient keto-quinuclidine proved rather labile to 
purification and handling and was immediately reduced to furnish 7-
hydroxyquinine 35 (15). We are currently examining methods for deoxygenation 
of the quinuclidine 35 to yield quinine 24. 
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Spirotryprostatins A and Β 

We have developed concise asymmetric syntheses of spirotryprostatins A and 
B, structurally interesting antimitotic arrest agents isolated by Osada (16) that have 
attracted considerable attention from the synthetic community (17). Our approach 
deploys a novel three-component azomethine ylide cycloaddition strategy to 
assemble the prenylated sp/rooxindole pyrrolidine in a single stereocontrolled 
step. Our synthesis of spirotryprostatin Β commenced with condensation of 
oxazinone 36 with aldehyde 37 to generate the incipient iminium species, whose 
deprotonation yields the azomethine ylide 39 (Scheme 6). Dipolar cycloaddition 
reaction with the readily available dipolarophile 38 provided the tetracyclic 
cycloadduct 40 in excellent yield. This reaction sets four consecutive stereogenic 
centers, including the quaternary spiro-vmg junction, whose stereochemistry was 
confirmed by X-ray crystallographic analysis. 

Hydrogénation of 40 in the presence of palladium chloride quantitatively 
cleaved the chiral auxiliary from 40 (Scheme 7) to furnish the free amino acid 
41. Fortuitously, we found that 41 could be selectively coupled with D-proline 
benzyl ester without the need to protect the proline amine of 41. This is 
presumably a manifestation of the severe steric hindrance of the proline amine 
on both faces, which obviates self-condensation. Removal of the benzyl ester and 
cyclization gave dioxopiperazine 42 in excellent yield. Treatment with two 
equivalents of tosic acid in refluxing toluene effected regioselective elimination 
of methanol to furnish alkene 43. The final oxidative decarboxylation of 43 to 
spirotryprostatin Β proved extremely difficult and required the extensive 
evaluation of methods to effect this seemingly trivial transformation. Standard 
Kochi-type oxidative decarboxylation methods led to significant decomposition 
and over-oxidation side products. Eventually, we found that Barton-modified 
Hunsdiecker conditions effected the oxidative decarboxylation and installed the 
desired alkene in the central pyrrolidine ring. In the event, lithium iodide cleaved 
the ethyl ester of 43 to yield the corresponding acid. Subjection of the resultant 
acid 44 to a Barton-modified Hunsdiecker protocol installed the desired alkene 
in modest, but reproducible, yield. Finally, the proline residue was epimerized 
under thermodynamic conditions (2:1 favoring the natural stereochemistry) to 
complete the synthesis of spirotryptostatin Β (44) (18). 

We next pursued a similar strategy toward spirotryprostatin A, but 
unfortunately observed that the Hunsdiecker reaction on a substrate 
corresponding to 43 completely failed in this case. In light of this, we decided to 
do away with the troublesome carboalkoxy residue entirely. 

Thus, dipolar cycloaddition of the labile exocyclic alkene 45, prepared in 
situ from the corresponding β-TMS alcohol, with the ylide derived from 
condensation of 36 and 37 gave the desired adduct 46 along with the methanol 
elimination product (Scheme 8). Hydrogénation removed the bibenzyl auxiliary, 
and thermodynamic epimerization at C9 yielded an inseparable mixture of 
diastereomers 47 that was carried forward to dioxopiperazine 48, which could 
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be separated from its C9 diastereomer. Treatment of 48 with tosic acid effected 
methanol elimination to complete the synthesis of spirotryprostatin A (49) (19). 

Nakadomarin 

We recently applied the dipolar cycloaddition methodology to synthesis of 
the ADE ring system of the manzamine alkaloid nakadomarin A (20). The 
requisite aldehyde 50 could be generated easily from protected mannitol, but the 
exocyclic enone dipolarophile 51 proved highly reactive and unstable to 
polymerization. We then deployed a two-step procedure to generate 51 in situ, 
which permitted the dipolar cycloaddition with diphenyloxazinone 36 to yield 
spirocycle 52 containing the AD ring system (Scheme 9). 

The chiral auxiliary was easily cleaved with Pearlman's catalyst to give 
amino acid 53 (Scheme 10). Acylation of the amine yielded alkene 54, and 
installation of the methyl ester and acetonide deprotection gave diol 55, which 
was converted to diene 56. Ring-closing metathesis with Grubbs' second-
generation catalyst completed the ADE ring system, giving alkene 57. 

The ketone of 57 was converted in a two-step process to alkene 58 (Scheme 
11); reduction of the ester to the alcohol and reoxidation to the aldehyde 59 
allowed installation of the desired alkyne 60. Epoxide alkylation of the alkyne 
gave β-hydroxyalkyne 61 (21), but the yields of this reaction have proven 
variable and the reaction capricious to scale-up. 

Currently, alternatives to this homologation are being evaluated such that 
the planned palladium-mediated conversion to the fiiran system can be 
interrogated. If successful, this will allow subsequent closure of the Β ring, 
positioning the molecule for the acylation-metathesis sequence planned to 
complete the synthesis of nakadomarin A (62). 

Palau'amine 

Palau'amine (63, Figure 4) is a highly complex, densely functionalized 
alkaloid, with a carbon-to-nitrogen ratio approaching 2:1. The presence of six 
fused rings, including a spiro junction, a guanidine hemiaminal, and a guanidine 
hemi-amino aminal, and potent biological activity (22) makes the molecule a 
highly challenging yet inviting synthetic target, currently being pursued by many 
groups (23). We have recently undertaken studies utilitzing an intramolecular 
dipolar cycloaddtion strategy to assemble the difficult cyclopentane core. 

Our approach begins with α-acylation of oxazinone (-)-2 to yield alkene 64 
(Scheme 12). iV-Boc removal followed by addition of paraformaldehyde 
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furnishes the incipient iminium species, whose deprotonation generates the 
azomethine ylide; spontaneous intramolecular dipolar cycloaddition afforded the 
desired tricyclic species 65 as a single diastereomer. Treatment of 65 with 
lithium aluminum hydride furnished diol 66, which was subsequently subjected 
to hydrogénation to remove the bibenzyl residue. Reaction of the resultant amino 
alcohol with Boc anhydride effected acylation of both the nitrogen and the 
primary alcohol to give 67. Treatment of 67 with ruthenium trichloride not only 
oxidized the secondary alcohol, but also effects the oxidation α to the ring 
nitrogen to provide the ketoamide 68 (24). Conversion of the ketone to enone 69 
under standard conditions followed by a Bayliss-Hillman reaction furnished 
alcohol 70, which was subjected to saponification to provide the ester 71. 
Conjugate addition of nitromethane to enone 71 in the presence of tetramethyl 
guanidine proceeded in a diastereoselective manner to give 72, which was 
followed by reduction of the ketone to alcohol 73. Compound 73 embodies all of 
the requisite carbon atoms and suitably poised functionality to serve as a 
reasonable substrate from which palau'amine might be constructed. Studies are 
currently underway to effect the end-game conversion of 73 to palau'amine and 
congeners. 

In parallel with this approach, several alternative routes were being 
concomitantly evaluated for installation of the two aminomethyl arms. As shown 
in Scheme 13, enone 69 was subjected to dipolar cycloaddition to give 
isoxazolidine 74; treatment with DBU restored the enone while liberating the N-
hydroxyl moiety, which was converted to its acetate 75. Conjugate addition of 
nitromethane allowed closure of the resultant α-anion onto the jV-acetoxy species 
to give protected 5/?/>o-aziridine 76. Studies are similarly underway to futher 
elaborate this tricyclic system to palau'amine. 

In conclusion, the diphenyl oxazinone templates (1, 2) have proven to be 
versatile and useful systems from which numerous complex natural products and 
their analogs can be constructed in a stereocontrolled, asymmetric manner. We 
continue to explore and exploit the chemistry of this versatile glycine template to 
the asymmetric total synthesis of many different families of biomedically 
significant nitrogenous substances. 
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Scheme 13. Revised approach to the D ring of palau 'amine. 
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Chapter 27 

β-Substituted D-Leucines and Their Relevance 
in the Total Synthesis of Natural and Unnatural 

Aeruginosins 
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Methods for the synthesis of diastereomerically pure β-chloro 
and β-methyl-D-leucines and their derivatives are described. 
The incorporation of these residues in natural and non-natural 
analogues is shown with relevance to their in vitro thrombin 
inhibitory activities. 

A large number of natural products contain unusual amino acid moieties as 
part of their oftentimes intricate structures. Among these are a select group of 
biologically active peptides that contain a chlorine atom in the side-chain of an 
amino acid, or as a substituent in the carbon framework.1 In rare instances, 
Nature has produced peptide structures that harbor a β-chloroamino acid residue. 
The paucity of natural products bearing these residues may be testament to the 
susceptibility of β-chloro, and related amino acids to undergo elimination across 
the α and β carbons. Indeed, dehydroamino acids are abundant in Nature and 
play an important role in the biosynthesis of various non-proteinogenic amino 
acids, and D-amino acids.2 To date, β-chloroamino acids have only been found 
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FR900148 Chlorodysinosin A 

Figure 1. Structures of astin A, FR900148, FR225659, and chlorodysinosin A. 

in a select number of natural product families which include the astins,3 

FR900148,4 FR225659,5 and chlorodysinosin A, 6 a new member of the 
aeruginosas7 (Figure 1). 

The aeruginosas, derived from cyanobacterial waterblooms and marine 
sponges, belong to a family of so-called linear peptides incorporating novel non-
proteinogenic α-amino acids. Several efforts have been made to synthesize 
members of this class of natural products and details of seven total syntheses of 
various aeruginosins have been summarized in a recent review.7 The first 
aeruginosin to be discovered was aeruginosin 298A (Table 1), which was 
isolated from Microcystis aeruginosa by Murakami and coworkers8 in 1994. 
This finding was followed by the isolation and characterization of so far 20 
more natural compounds belonging to the same structural family gathered from 
geographically different aquatic sources.7 Most of the aeruginosins are 
comprised of four distinct subunits: a C-terminal arginine mimetic, a 6-mono or 
5,6-dihydroxy-2-octahydroindole carboxamide (Choi or OHChoi), a bulky 
hydrophobic amino acid, and an jV-terminal hydroxyl or acidic group. This 
pharmacophore combination of subunits is in part responsible for the in vitro 
inhibitory activities against serine proteases, especially those with trypsin-like 
substrate specificity. Particular attention has been directed to the inhibition of 
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thrombin and other blood coagulation factors (Table l) . 7 Nearly all aeruginosins 
incorporate a D-configured α-amino acid with a bulky hydrophobic side-chain 
in the P3 position. Interestingly, it was found that the presence of a 3-chloro 
substituent in this position, as in the (3/?)-chloro-D-leucyl residue in 
chlorodysinosin A, gave a several-fold increase in inhibitory activity against 
some coagulation factors compared to the hydrogen-substituted dysinosin A 
(Table 1). In fact, chlorodysinosin A is the most potent inhibitor of thrombin in 
vitro, among all other members of the aeruginosin family. 

So far, four X-ray crystal structures of aeruginosins in complex with 
thrombin have been solved. A hirugen-thrombin complex with aeruginosin 
298A was reported in 1998,9 followed by co-crystal structures of thrombin with 
dysinosin A , 1 0 oscillarin,11 and chlorodysinosin A 1 2 (Table 1). They all show 
similar binding modes to the thrombin active site (Figure 2). The basic PI side-
chain in oscillarin, dysinosin A, and chlorodysinosin A, is positioned in the SI 
pocket forming a strong interaction from the terminal guanidino group to an 
aspartic acid residue at the bottom of the SI pocket. The P2 position in the 
octahydroindole subunit is well accommodated in the S2 pocket, but without any 
hydrogen bonds formed between the enzyme and the 6- (Choi) or 5,6- (OHChoi) 
hydroxyl groups. The P3 D-a-amino acid occupies the so-called D-S3 subsite, 
which is a relatively large hydrophobic pocket. Moreover, the P3-P4 amide of 
the aeruginosins binds to the backbone of a glycine residue in the thrombin 
active site in an antiparallel β-strand fashion, and the ^-terminal acidic sulfate 
group in dysinosin A and chlorodysinosin A form hydrogen bonds to arginine 
residues on the surface of thrombin. The overall co-crystal structures and 
binding modes of dysinosin A and chlorodysinosin A, differing only in the 
presence of the P3 β-chlorine atom in chlorodysinosin A, are very similar. A 
subtle difference is a shift in orientation of the side-chains of the two active site 
residues Glu 192 and Arg 173 in thrombin. The conformation of the D-S3 
pocket, as well as the binding mode of the P3 leucine and 3-chloroleucine 
residues is identical in the dysinosin A and chlorodysinosin A complexes 
respectively (Figure 3A). The enhanced binding of chlorodysinosin A in the D-
S3 subsite has been suggested to arise from a favorable position of the chlorine 
atom compared to the same D-Leu residue in dysinosin A (Figure 3A). 
Molecular dynamics simulation suggested that the chlorine substituent stabilizes 
the χ 1 dihedral angle in the β-chloro-D-leucyl side-chain in the bioactive 
conformation (Figure 3B). Additionally, the accommodation of the hydrophobic 
D-S3 site could also be accompanied by a release of water resulting in a gain in 
entropy of binding. 

Synthetic Approaches to β-Chloroleucine 

The identification of a new amino acid, β-chloro-D-leucine (Cleu), as a 
component of chlorodysinosin A, 6 prompted us to explore efforts toward the 
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Table 1. In Vitro Enzyme Inhibitory Activities of Natural and Synthetic 
Aeruginosins 

Compound Structure 
Enzyme IC50 (μΜ)α 

Thrombin r „ 
/τ?ιι \ FVIIa FXa (Flla) 

Aeruginosin 
298A 

H O ' ° ^ i T N HN -S. 

\ NH )=NH 
0 A . > O H H 2N 

0.5 nd nd 

Oscillarin 0.028 3.9 nd 

Dysinosin A 

^OSOâ 

0.046 0.326 5 

Chlorodysinosin 
A \ NH Γ 

0Γ .. .ΟΜβ H > N 

OSO3 

0.0057 0.039 1.54 

31 

Ctv<° 
\ ^ - N Η Ν — \ 

\ NH \ = ( 

Λ Χ ..OH ) = N H 
0 [ H 2 N 

0.022 nd nd 

a nd = not determined 
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Figure 2. Connolly surface representations from X-ray crystal structures of 
thrombin in complex with dysinosin A,10 oscillarin,11 and chlorodysinosin A,u 

panels A-C, respectively. Molecular structures are outlined in Table 1. 
(See page 2 of color insert.) 
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Figure 3. Pane! A) Space filling model of the Ρ 3 side chains in the S3 pocket 
from an overlay of the X-ray crystal structures of dysinosin A (green) and 
chlorodysinosin A (pink) in complex with thrombin. Panel B) Molecular 

dynamics simulations of chlorodysinosin A (yellow and pink) and dysinosin A 
(yellow and green) without enzyme. Distribution of χ1 dihedral angles in the P3 

amino acid. (See page 3 of color insert.) 
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synthesis of Cleu-containing peptides. We anticipated that the incorporation of 
Cleu in chemically modified natural and non-natural aeruginosin congeners, 
would also enhance their inhibitory activities toward the coagulation cascade 
factors. Furthermore, it appears that aeruginosins 205A and 205B also contain a 
Cleu residue based on preliminary spectral data.13 In fact, the synthesis and 
incorporation of Cleu into aeruginosin analogs has resulted in new, highly potent 
inhibitors of various coagulation cascade factors.14 

Prior to the isolation of chlorodysinosin A in 2003,6 there existed only one 
report on the synthesis of β-chloroleucine (Cleu). In 1960 Shive et al. 1 5 

described a synthesis of racemic Cleu en route to an isopropyl analog of the 
Streptomycete antibiotic cycloserine. As depicted in Scheme 1, an isomeric 
mixture of 4-methyl-2-pentenoic acids was obtained via Knoevenagel 
condensation followed by decarboxylation. A two-step aminohydroxylation then 
provided racemic hydroxyleucine, which underwent chlorination with PC15 to 
obtain Cleu as the hydrochloride salt. 

H0 2 C C0 2 H piperidine, . m R r 

pyridine, then ^ - ^ ( ^ Η Jj^H 

OH Ç1 

1) HCI. EtOH Τ 
CO2H 2) PCI5 \ Z \ ^ W 2 r ' 

NH 2 ' N H 2 HCI 
2 3 

Scheme 1. Shive's synthesis of racemic 3-chloroleucine. 

An alternative and stereoselective strategy for the introduction of halogens 
onto the β-carbon of α-amino acids relies on the regioselective cleavage of β-
lactones. Vederas and coworkers16 have shown that magnesium halides are 
effective in the ring-opening of an jV-tosyl lactone such as 5 which can be 
prepared from L-threonine (Scheme 2). 

Based on this strategy, Bonjoch and coworkers17 recently completed the 
synthesis of both Cleu diastereomers starting from (2/?,3S)-3-hydroxyleucine 
(Hleu), which was obtained in five synthetic steps via a kinetic resolution 
protocol according to Hamada et al. 1 8 As shown in Scheme 3, Hleu was 
protected as the benzyloxycarbamate and subjected to lactonization with HBTU 
to provide compound 7. Regioselective opening of 7 with chloride ion gave 
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(2#,3tf)-Cleu in 44% yield after Cbz deprotection. The (2#,3S)-Cleu isomer 11 
was obtained in a similar fashion from (2i?,3/?)-Hleu. 

Concurrent to Bonjoch's stereoselective synthesis of the diastereomers 
isomers of Cleu, Hanessian and coworkers utilized a regioselective aziridine 
opening strategy toward the Cleu-containing dipeptide fragment of 
chlorodysinosin A 1 2 (Scheme 4). Epoxy alcohol 12, obtained on large scale via 
Sharpless asymmetric epoxidation19 of the corresponding allylic alcohol, was 
converted in an efficient three-step procedure to the aziridine 14 in 68% overall 
yield. To study the regio- and stereoselectivity of the key chlorinolysis of 14, 
various protecting groups were introduced to activate the carbon-nitrogen bond 
and facilitate ring-opening. 

Previously, Bonini and coworkers20 had reported the regioselective opening 
of iV-Boc aziridines with MgBr2 to give Boc-protected brominated β-amino 
alcohols. Efforts to open jV-Boc-aziridine 15a with MgCl 2 and CeCl 3 met with 
no success (Table 2). However, the combination of an N-toluenesulfonyl (Ts) 
group and CeCl 3 as a chloride source21 provided a 2:1 mixture of regioisomeric 
chlorosulfonamides in 69% overall yield. Although chromatographic separation 
allowed for the isolation of the desired 3-chloro isomer in 40% yield, anticipated 
compatibility issues between the chloro and toluenesulfonamide groups during a 
subsequent JV-TS deprotection step led to the evaluation of other N-protecting 
groups (Table 2). Ultimately, the best isomeric ratios were obtained in the case 
of the jV-r-butylsulfonamide derivative (jV-Bus).22a By employing excess CeCl 3 

and extending the reaction time, regioselective aziridine cleavage occurred 
concomitant with TBS removal. Thus, (25,3/?)-Ar-Bus-3-chloroleucinol was 
obtained as the major isomer in 80% directly from compound 15d (Table 2, 
entry 7). Under the same conditions the alcohol analogue also gave the same 
regioisomer (Table 2, entry 8). It is possible that the preferred attack at the β-
position of the aziridine is due to a more favorable trajectory of approach of the 
chloride ion. A steric effect of the OTBS group can be ruled out due to the 
results observed with the hydroxyl analog (compare entries 7,8, Table 1). The 
regio- and stereochemistry of the product was confirmed by single-crystal x-ray 
diffraction. Since it was first reported as a new protective group for primary 
amines by Weinreb and coworkers,223 the N-Bus group has only been exploited 
in a few cases.22b'f 

Chlorodysinosin A and Non-Natural Congeners 

With (25,3/?)-7V-Bus-3-chloroleucinol in hand, elaboration of the 
chlorodysinosin A TV-terminal fragment proceeded by deprotection of the N-Bus 
group under acidic conditions followed by amide coupling to (R)-3-tert-
butyldiphenylsilyloxy-2-methoxypropionic acid (Scheme 5). Many attempts 
were made to oxidize the primary hydroxymethyl group of 18 to the intended 
carboxylic acid. Typical conditions such as TEMPO/chlorite/hypochlorite, 
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Swern or Dess-Martin oxidation followed by hypochlorite, and RuCl3/NaI04 led 
to low yields and a preponderance of unsaturated products resulting from β-
elimination. Finally, we adopted a method developed by Grabowski, Reider and 
coworkers23 (H 5I0 6 and catalytic Cr0 3) which worked admirably well to provide 
the β-chlorodipeptide carboxylic acid subunit 19. 

The next step was the assembly of 19 with the octahydroindole core 
structure 20, previously prepared from L-pyroglutamic acid.24 Under several 
conditions of amide formation, only low yields of the desired compound 21 
were obtained, the main products being produced by elimination. Presumably, 
the active ester intermediates were particularly susceptible to elimination of HCI 
across the α and β carbons. Fortunately, when DEPBT 2 5 was used as the 
coupling reagent in conjunction with 2,6-lutidine, amide bond formation 
proceeded smoothly in 55-60% yield to give 21 without appreciable HCI 
elimination.26 

Completion of the synthesis of chlorodysinosin A is depicted in Scheme 6. 
Unmasking the carboxylic acid functionality in 20 required the strict avoidance 
of alkaline conditions. In fact, many milder conditions to obtain the free 
carboxylic acid were fraught with problems. We also explored sodium 
hydroperoxide and enzymatic methods, and the MeTeAlMe2 complex recently 
introduced by Corey and coworkers.27 Under the latter conditions, methyl ester 
cleavage was attended by rapid deprotection of the MOM ether. Finally, ester 
21a could be converted into acid 22 under neutral conditions by the action of 
excess trimethyltin hydroxide in dichloroethane.28 The reaction proceeds 
through a four-center intermolecular transfer of the methoxy group onto the tin 
with intermediate formation of the tributyltin ester that undergoes hydrolysis to 
the acid. Amide coupling to the N-Boc amidino pyrroline (Adc) subunit 
proceeded in high yield in the presence of PyBOP to give 23a. Finally, silyl 
ether cleavage, tin-ether mediated sulfation,29 and global deprotection provided 
the crude product, which was purified by RP-HPLC to give chlorodysinosin A 
in 38% overall yield from 23b. 

The discovery of the "chlorine effect" in chlorodysinosin A led to the 
investigation of other β-branched residues in place of Cleu. We were 
particularly interested in replacing the chlorine atom with a C-methyl group, to 
validate the proposed benefits of a relatively small hydrophobic β-substituent. 
To achieve this objective we explored the cleavage of aziridines with O- and TV-
protecting groups with excess Me 2CuLi. In all instances mixtures of 3-methyl 
and 2-methyl leucinols were obtained which could be chromatographically 
separated (Table 3). By employing the N-Ts-<9-TIPS aziridine, the desired β-
methyl product could be obtained in 38% yield after chromatographic 
purification. 

The synthesis of a new aeruginosin analog featuring octahydroindole 
carboxylic acid (Oic), (3R,2R) 3-methylleucine (β-MeLeu), and a PI 
benzamidine subunits is shown in Scheme 7. Thus, removal of the TV-Ts 
protection with Na in liquid ammonia and coupling to protected phenyl lactic 
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acid gave the amide 26 in 71% yield (2 steps). Cleavage of the silyl ether was 
followed by oxidation to the acid, and amide coupling to 29 to give protected 
analog 30. Finally, hydrogenolysis of the Cbz group and cleavage of the MOM 
ether under acidic conditions gave 31 in 47% yield. Following a similar route, 
analogue 32 was prepared by employing the regioisomeric 2-C-methyl β-amino 
acid isomer obtained in the cuprate opening reactions (Table 3). 

Table 3. Reaction of jV-Sulfonyl Aziridines with Lithium 
Dimethylcopper(II) 

3-METHYL 2-METHYL 

entry PG R Time (h) Temp(°C) yield (%) 3-Me :2-Me 

1 Tos H 16 -lOtoO 96 0: : 1 
2 Tos TBS 16 -lOtoO 89 1 : : 1.8 
3 Tos TBS 16 -10 to RT nd 1 : :2.3 
4 Tos TBDPS 24 - lOtoRT nd 1 : 3 
5 Tos TES 24 - lOtoRT nd 1 : 1.6 
6 Tos TIPS 24 - lOtoRT 84 1 : : 1.2 
7 Bus TIPS 24 - lOtoRT 53 1: 2 

Compound 31 displayed an IC 5 0 of 22 nM toward thrombin, compared to 32 
which was significantly less active (IC 5 0 = 17μΜ). These results confirm that a 
small alkyl branch at P3 in simpler aeruginosin analogs can replace the chlorine 
atom in chlorodysinosin A, and lead to excellent inhibition of thrombin in vitro. 
In addition, the removal of the hydroxyl groups from the Choi subunit, and the 
replacement of the more synthetically challenging Adc arginine mimetic for a 
benzamidine unit as in 31 are well tolerated.14 

In conclusion, we have described methods for the regio- and 
stereocontrolled syntheses of β-substituted D-leucines, including chloro and C-
methyl analogs in diastereomerically pure forms. The incorporation of these 
residues at the P3 subunit in natural and synthetic aeruginosins results in potent 
in vitro inhibitory activity against the blood coagulation factors such as 
thrombin. 
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Chapter 28 

Pure Peptides via Fluorocarbon Capping Technology: 
A Hands-On Discussion 

Vittorio Montanari 

Current address: PPG Industries, Inc., Coatings Innovation Center, 
Allison Park, PA 15101 

Pure peptides are obtained on the solid phase by a capping 
technique that consists in treating the resin with a solution of a 
reactive iodonium salt, followed by base, at difficult coupling 
steps. Wide applicability is anticipated. This paper focuses on 
how to practice and extend this method with best speed, 
economy, and probability of success. The origins and chemical 
background of the method are also outlined. 

Solid phase methodology permits the routine synthesis of long peptide 
sequences both in the laboratory and on a commercial scale (1,2). The crude 
peptide is purified by HPLC to remove various reaction impurities and the 
shorter sequences, or deletions, which result from incomplete coupling steps. 
Deletions, that differ from the desired sequence by only one unit, can be very 
difficult to separate. Repeated HPLC purification is frequently necessary at the 
expense of much material, solvent, and labor. 

Recently, an unprecedented purification protocol was reported, consisting of 
treating the resin, at critical coupling steps, with an iodonium salt that caps 
unreacted chain ends with inert fluorocarbon residues. 

At the end of the synthesis, when the peptide is separated from the resin and 
dissolved in aqueous medium, the capped deletions precipitate out of solution 
and are just filtered off. Proof of concept experiments and synthetic protocols 
have been published (3-5). Herein, focus is on the practical aspects of using the 
iodonium salt. The experimenter who wishes to use this new method will be 
confident of the results and aware of the peculiar reactivity of the iodonium 
compounds such as la-c, from the discussion below. 

462 © 2009 American Chemical Society 

  
 



463 

Capping in solid phase peptide synthesis 

The final purification of a polymer synthesized on the solid phase can be 
approached by two routes. One is to attach a "handle" after the final 
condensation-deprotection step (6). After detaching the crude peptide from the 
resin, only the desired compound is separated via this handle, which then has to 
be detached. The advantage is high final purity, the disadvantage, that 
detachment of the handle and extra separation work are necessary. 

The other route is to cap the resin, after a condensation step but prior to 
deprotection, with a large excess of a reactive compound: typically, acetic 
anhydride. 

Let us consider in detail what are the advantages and disadvantages of a 
typical acetic anhydride capping. 

The reaction time is comparable to a coupling step: a common protocol is to 
cap twice for 10 minutes each. The capping is highly efficient; essentially all the 
unreacted chain ends become acetylated. The acetyl groups are inert under 
peptide coupling and final cleavage conditions. However, it is not practical to 
cap after every step in a long synthesis. The reason is empirical: the resin's 
performance is always degraded by repeated treatment with acetic anhydride. 
The loss in quality and yield of the final peptide is unacceptable if capping is 
done too many times. Thus, it may be preferred to perform the capping only in 
those couplings, which are presumed or known to be the most difficult. This may 
not solve the principal problem that capping is meant to address, that is, 
separation of (n-1) deletions: even if acetylated, these can be so similar to the 
full-length peptide that separation remains difficult and wasteful. 

Other capping reagents, such as active esters of benzoic or myristic acid, 
produce derivatives whose retention times on HPLC are sufficiently different; 
they are much less reactive, however. 

Summarizing, a capping technology for the purification of polymers 
synthesized in the solid phase has considerable practical value, if certain 
requirements are met: 

• Resin integrity: the ability of the resin to swell in solvents must not be 
diminished by the capping steps. 

• Reactivity: the unreacted chain ends must be capped totally. If the time 
to achieve this is very long, repeated coupling could be a better choice. 

• Robust caps: the caps must be unchanged through all the subsequent 
steps. 

• Separation: the purpose of capping is to achieve purification, normally 
this means baseline separation in HPLC. 

None of the common capping protocols consistently meets these 
requirements. Several groups attempted to improve the capping technology for 
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the synthesis of peptides and other polymers, making use of the "fluorous" 
separation principle (7-10). 

It is well known from the work of Curran and associates (11,12) that 
attaching a sufficiently long fluorocarbon tag to an organic molecule makes it 
easily separable by means of fluorocarbon-derivatized, or "fluorous" silica gel. 
Unfortunately, the vast amount of work carried out on small molecules has only 
rarely been extended to peptides, which tend to be entrained by the fluorous 
silica gel. 

Figure I. Structures of reactive fluoroalkyl iodonium compounds la-c 

In the Kumar laboratory, efforts to achieve a "fluorous" separation by means 
of the reactive fluoroalkylating reagent lb, were initially frustrated by this fact. 
Success soon came with the realization that every time peptides were derivatized 
with lb, they became insoluble in water or largely aqueous media. Thus, a 
capping based on simple centrifugation was developed, with no need for any 
chromatography. Herein, it will be called a fluorous capping, following the usage 
in the original papers (3-5), although use of fluorous (11, 12) stationary phases is 
not involved. 

Examples of routine fluorous capping 

In this section, two proof of concept experiments are recalled (Figures 2 and 
3). 

Routine means that no changes are made to a typical peptide synthesis, 
except for the short capping step itself. Figure 2 shows the HPLC trace of the 22-
unit peptide Ac-NH-RAVKVYADAAEDESAEAFALEF-CONH 2 , prepared by 
the Boc method in two parallel versions at the same time. Both versions had the 
same three deliberately introduced deletions. The deletions were capped in one 
case with acetic anhydride, in the other with the reagent lb. The difference in 
purity was extreme: the acetyl-capped peptide showed the large deletions in its 
HPLC trace, as expected, but the fluorous-capped one, after filtration, was 
essentially pure. The substantial solid residue in the latter case (Figure 4) was 
found to consist of the fluorous-capped impurities by means of ESI mass 
spectroscopy (3-5). 

Figure 3 describes the equally successful capping of a 10-unit peptide, 
where the last coupling is difficult and was deliberately reduced to less than 80% 
completion (Figure 5). Figure 3 highlights the fact that the fluorous-capped 

RfCH2-j © 0 N . S O 2 C F 3 Rf = C F 3 1a 
Rf = C 7 F 1 5 1b 
Rf = C 8 F 1 7 1c 
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Figure 3. Successfiil capping in Fmoc chemistry using lb: the fluorous-capped 
deletions "sink" out of solution 
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Figure 4. Centrifugea vial, where the deletions capped with lb or lc 
precipitated as a white, insoluble pellet. 

deletion is present in the crude product, just as much as the acetyl-capped one is 
in the parallel version. The fluorous-capped deletion is easily centrifuged out 
(Figure 4), leaving a single HPLC peak (4,5). 

Fmoc chemistry is the more widely used, but also much more challenging 
to a fluorous capping method because the fluorous tags may be sensitive to the 
conditions of Fmoc group deprotection. 

Typically, Fmoc deprotection is carried out by piperidine in DMF, for a 
total time of up to 40 minutes at each step. These conditions are harsh relative to 
possible dehydrofluorination reaction. 

Let us consider then, which fluorocarbon structures may be adept at end-
capping in solid phase peptide synthesis. 

Stability of fluorous residues under peptide synthesis conditions 

The simplest fluorous capping reagents we can think of using in solid phase 
peptide synthesis are trifluoroacetic anhydride or one of its higher analogs. In 
practice, this is not possible because perfluoroalkyl amides are readily 
hydrolyzed. The capping would thus be reversible and give no result overall. 

One can interpose hydrocarbon spacers between the perfluorocarbon residue 
and the carbonyl. The use of such reactants for peptide capping has not been 
reported. Dehydrofluorination under basic conditions is possible by cumulative 
long exposure to piperidine/DMF. If dehydrofluorination occurs, an electrophilic 
alkene results, which is liable to further decomposition. In the best of cases, the 
overall result would be no capping reaction. Dehydrofluorination of the 

  
 



Fi
gu

re
 5

. 
Sc

he
m

at
ic

 d
es

cr
ip

tio
n 

of
 ca

pp
in

g 
in

 th
e 

F
m

oc
 c

as
e.

 
ON

 
-J

 

  
 



468 

perfluoroalkylmethylene residues did not occur. In control experiments, model 
compounds were intact after hours in piperidine-DMF solution. In peptide 
synthesis, there was no evidence of degradation of either peptide or resins. 

Figure 7 shows the capping scheme involving the iodonium salt: the resin is 
first soaked for about 3 minutes with a solution of the iodonium compound, then 
a base is added to trigger the alkylation. The coproducts are washed off and the 
peptide synthesis resumes in the usual manner. 

In the course of many experiments, degradation of the resin's performance 
was not observed. In fact, in all comparative experiments the quality of the 
fluorous-capped peptide was better than that of the acetyl-capped one. 

Figure 7 implies a mechanistic hypothesis, whereby the iodonium salt 
complexes the free amino groups without reaction, and then the heterocyclic 
base causes the alkylation to proceed. Note that the iodonium and the base are 
not added together. 

The reasons for this are best seen in the earlier use of compound lc in 
synthesis, briefly discussed below. 

Λ 9 OH 
V NH 2 • RjCOO N o CH2 spacer: hydrolysis. 

B > 
O H Ο 2 or 3 C H 2 - spacer: 

A N - ^ v x Q / i A N - c \ x " ^ Ri may lose HF. degrade further. 
Η £ ^ Η 

Η Ν ^ ^ - R i O n e CH2 spacer, no C = 0 : subie. 
f 

Figure 6. Possible fluorous capping residues 

Alkylation of simple amino acids by iodonium salt la in water 

The first examples of extremely reactive iodonium compounds, the 
perfluoroalkylmethylene iodonium triflates, were reported by Umemoto and 
Gotoh (13), who demonstrated several rapid alkylation reactions. For example, 
iV-trifluoroethyl aniline was prepared from aniline directly in the presence of 
hindered bases. 
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Figure 7. The fluorous capping step in solid phase peptide synthesis 

DesMarteau and Montanari, while studying the trifluoromethane 
sulfonimide superacid and its salts, prepared the iodonium triflimide salt la 
(14,15). This was found to be surprisingly water-stable. Not only: it could 
quickly alkylate nucleophilic substrates in water. The clearest evidence of this 
capability was the first synthesis of jY-trifluoroethyl amino acids. 

Figure 8 shows how these amino acids were synthesized. The N-alkylation 
is promoted by bicarbonate, in a biphasic dichloromethane-water medium. The 
amino acid is presumably able to complex the salt lc, but not sufficiently basic 
to promote the alkylation step. At the interface of organic solvent and water, 
bicarbonate decomposes the complex to the final products. When a hindered 
base such as collidine was used in a homogeneous organic phase, the yield of N-
trifluoroethyl amino acids was low to zero, due to reaction of the hindered base 
itself with la. 

Thus, if lb or lc and collidine were introduced at the same time in a 
peptide capping step, collidine would prevail in the same way and become N-
fluoroalkyl collidinium triflimide salt. This reaction is undesired in this context, 
but has been exploited elsewhere to prepare ionic liquids (16). 

Properties of the JV-trifluoroethyl amino acids 

Af-perfluoroalkylmethylene groups are inert. The attempt to condense N-
trifluoroethyl amino acid esters with electrophiles failed under a variety of 
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conditions (15). The jV-trifluoroethyl group is so unreactive that condensation of 
the free carboxyl group with nucleophiles, including other amino acids, 
proceeded in high yields (Figure 9). The condensation reactions were so 
selective that usually the products required no purification besides conventional 
removal of coproducts (14, 15). 

The method is versatile, as shown in the synthesis of the compound NSC 
718800 (Figure 10), which had in vitro activity against leukemia cells (15, 17). 

Synthesis of the iodonium salts 

The synthesis consists of very easy steps, none of which requires special 
precautions. Detailed procedures were published (4,15). 

In the published syntheses, the triflimide acid was sublimed from its lithium 
salt, but it is now commercially available. In the scheme of Figure 12, only the 
RfCH2I(OCOCF3)2 intermediates are not commercial compounds, but their 
synthesis presents no problem. They do not decompose rapidly even well above 
100 °C (15) and are stable for at least one year at 4°C. On this basis, it is hoped 
that la-c will become commercially available soon (18). 

A further improvement in peptide capping technique. 

Considering the mechanistic scheme and the reactivity of la-c as discussed 
above, Kumar and Montanari (4) succeeded in using only a minimum amount of 
lc in preparing pure H 2N-GNQWAVGHLC-CONH 2, an analog of the peptide 
sequence Bombesin 5-14 (Figure 12). 

As usual, the Bombesin analog was prepared in parallel with acetyl and 
fluorous capping. Three deletions were introduced. In this case, the solution of 
lc used to soak the resin was drained, collected and reused in subsequent 
capping steps. The concept was to use only as much lc as the unreacted amino 
groups on the resin would complex. The solution of collidine base was then 
added on top of the drained resin. As seen by the HPLC traces, the results 
remained good with much less consumption of reagent (4). We may call this the 
"flow" method of using reagents 1 in solid-phase synthesis. 

Conclusions and recommendation for future work 

The fluorous capping protocol that was demonstrated for peptides should be 
useful for other polymers that are synthesized stepwise on the solid phase by Boc 
or Fmoc chemistries. Compounds like la-c are extremely reactive, yet entirely 
compatible with the existing methodology, resulting in clean syntheses for a 

  
 



Fi
gu

re
 1

0.
 S

yn
th

es
is

 o
f t

he
 b

io
ac

tiv
e 

co
m

po
un

d 
N

SC
 7

18
80

0 

Fi
gu

re
 1

1.
 S

yn
th

et
ic

 s
ch

em
e f

or
 l

a-
c.

 

  
 



473 

Ο ι 

10 15 20 25 30 

Figure 12. Bombesin analog, acetyl (left) and fluorous (right) capped 

negligible increase in overall time. This may be exploited in solution work as 
well, analog to the synthesis of TV-trifluoroethyl amino acids and their 
derivatives shown above. 

There are many opportunities yet to be explored between the two proven 
extremes of small molecules and resin beads. 

Summarizing the principal findings: 

• One terminal fluorocarbon chain can drastically change the solubility 
of a large, ionic macromolecule enabling complete separation. 

• Reactive iodonium salts install perfluoroalkylmethylene residues on 
nucleophilic termini in short reaction times. These residues are inert. 

• The easy, two-step reaction guideline: a) allow the iodonium salt to 
find and complex its target, thereafter b) add a base to trigger reaction, 
has been consistently effective. 

On this basis, frequent use of these reagents in chemical research, to purify 
macromolecules during their synthesis and to prepare novel fluorinated entities, 
is anticipated. 

The experiments outlined in this article owe their existence to the guidance, 
encouragement and support of my Ph.D. advisor Professor Darryl D. 
DesMarteau, Clemson University, and of my postdoctoral mentor Professor 
Krishna Kumar, Tufts University. 
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α-iminoesters in aqueous media, 
129-139 

Zinc(II) fluoride catalyst in Mannich-
type reaction in aqueous media, 
133-135/ 

  
 



Color insert -1 

s: .o 
.s 

I 
s 

  
 



2 - Color insert 

Figure 27.2. Connolly surface representations from X-ray crystal structures of 
thrombin in complex with dysinosin A,10 oscillarin,11 and chlorodysinosin A,12 

panels A-C, respectively. Molecular structures are outlined in Table 1. 
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Figure 27.3. Panel A) Space filling model of the P3 side chains in the S3 pocket 
from an overlay of the X-ray crystal structures of dysinosin A (green) and 

chlorodysinosin A (pink) in complex with thrombin. Panel B) Molecular 
dynamics simulations of chlorodysinosin A (yellow and pink) and dysinosin A 
(yellow and green) without enzyme. Distribution of dihedral angles in the 

P3 amino acid. 
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