
In the same manner that the Nasobem, Stiimpke’s mythical creature, teaches his child 
the peculiar way of life of the species Nasobema lyricum, the work of Seebach et al. 
on the self-regeneration of stereocenters has been governed by a fanciful idea. On the 
way, many tricks have been learned and much knowledge gained. Finally, they have 
come back down to earth and find themselves once again in the unimaginative world 
of enantiomer separation for the synthesis of enantiomerically pure compounds. 
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In order to replace a substituent at a 
single stereogenic center of a chiral mol- 
ecule without racemization, a temporary 
center of chirality is first generated 
diastereoselectively, the original tetrag- 
onal center is then trigonalized by re- 
moval of a substituent, a new ligand is 
introduced, again diastereoselectively, 
and finally, the temporary center is re- 
moved. By means of these four steps (the 
“Self-Regeneration of Stereocenters”, 
SRS), 2- and 3-amino-, hydroxy-, and 
sulfanylcarboxylic acids have been suc- 
cessfully alkylated with formation of 
tertiary carbon centers and without the 
use of a chiral auxiliary. Use of this 
methodology has allowed the potential 
of these inexpensive chiral building 
blocks to be expanded considerably. 
This article aims to demonstrate (using, 
in part, examples from natural product 
syntheses) that chiral heterocyclic ac- 
etals with enamine, enol ether, enolate, 
dienolate, enoate, radical, and acyli- 
minium functionalities and also those 
that are potential reactants for Michael 
additions and pericyclic processes (for 
example, electron-rich and electron- 
poor dienophiles and dienes) are now 
easily accessible, more often than not, in 
both enantiomeric forms. Stereogenic 
nitrogen atoms of aziridines, boron 

atoms of cyclic or linear systems, and 
stereogenic planes of x-complexes can 
also be used as the temporary chirality 
element in other approaches to the real- 
ization of the SRS principle. Enan- 
tiomerically pure derivatives of, for ex- 
ample, glycine, hydroxy- and sulfanyl- 
acetic acid, 3-aminopropanoic acid, and 
3-oxocarboxylic acids can be prepared 
by resolution of racemic mixtures via 
diastereoisomeric salts or by chromato- 
graphy on a chiral column. Hence, the 
extensive reactivity of compounds de- 
veloped to test the SRS principle and, 
above all, the outstanding stereoselec- 
tivities of the reactions can be put to 
good use even when no suitable chiral 
precursor is availabl-ven though this 
amounts to an abandonment of the 
principle! The readily available 2-tert- 
butyl-l,3-imidazolidin-3-one, -0xazolid- 
in-5-one, -dioxin-3-one, and -hydropy- 
rimidinone (all of which contain a single 
stereogenic center at the acetal C atom) 
can thus be used in the preparation of a 
vast range of 2-amino- and 3-hydroxy- 
carboxylic acids, and no chiral auxiliary 
has to be removed or regenerated during 
these procedures. (One example is the 
synthesis of 4-fluoro-MeBmt, a deriva- 
tive of the C, amino acid found in cy- 
closporin.) In the final chapter we will 

discuss the most useful findings gained 
from investigations into both the self-re- 
generation of stereocenters and the use 
of chiral acetals in the synthesis of enan- 
tiomerically pure compounds (EPC 
synthesis) : the formation and character- 
istics of complexes obtained from 
Li-enolates and other Li compounds 
with secondary amines; the application 
of a-alkoxy and a-amino-Li-alkoxides 
as in situ bases and sources of aldehydes 
in C-C bond forming reactions with 
unstable enolates or nitronates; the sig- 
nificance of A’.’ effects on the stereo- 
chemical course of nucleophilic, radical, 
and electrophilic reactions of N-acylated 
heterocycles and homo- or heterocyclic 
carboxylic ester enolates; and the effects 
of the amide protecting group on the 
reactivity of neighboring centers and 
on the stereoselectivity of the reac- 
tions at those centers. At the end of 
this article we have included an ap- 
pendix containing tables, which are in- 
tended to summarize all the examples 
known in as complete a fashion as pos- 
sible. 
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1. Introduction and Definition of the Problem 
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[**I “Surely the impossible is just not possible.” 

Was nicht sein kann, 
das nicht sein darJI[**’ 

It is a fundamental part of every basic lecture course in organ- 
ic chemistry that a reaction at a trigonal center bearing three 
different substituents in an achiral molecule results, if neither 
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the other reactants nor the surroundings are chiral, in the for- 
mation of a racemic product containing one center of chirality. 
The consequence of this is that a substitution that proceeds in 
either a homolytic or heterolytic manner at a solitary stereo- 
genic center of a molecule yields enantiomeric products in a 1 : 1 
ratio and hence, a racemic mixture is formed (Scheme 1 a). If the 
trigonal center in the intermediate is cationic or part of a n-sys- 
tem, it will have a trigonal-planar geometry and if it is radical or 
anionic in nature, it may have a trigonal-pyramidal geometry 
but will be capable of rapid inversion, particularly in noncyclic 
systems. 

There are, of course, exceptions that can be of practical signif- 
icance. These include the SJ substitution of OH by C1 using 
thionyl chloride (Scheme 1 b),[ll which proceeds with retention 
of configuration, and the cationic cyclization of linalol p-ni- 
trobenzoate to terpineol (Scheme 1 c) .[’I Stereoselective reac- 
tions proceeding via carbanionic intermediates are also known. 
For example, the D/H exchange with retention of configuration 
shown in Scheme 1 d,[jl which is really of rather academic inter- 
est, and the decarboxylation, with retention, of an intermediate 
used in the preparation of the anaesthetic Desf l~ran[~I  
(Scheme 1 e). Once it had been appreciated that within so-called 

carbanion chemistry, there is also a cation, more often than not 
a metal ion, which can be sufficiently strongly boundr5] to allow 
the formation of configurationally stable organometallic deriva- 
tives[6-81 such as those shown in Scheme 1 f, a whole new 
branch of stereoselective synthesis developed.[’~ l4] 

Even in enolate chemistry there are exceptions to the rules 
formulated above (see the examples in Scheme 2). Although the 
sole center of chirality in the starting material is removed, enan- 
tiomerically pure or enantiomerically enriched products may 
result. This can be attributed to the formation of aggregates of 
achiral enolates with chiral components in the reaction mixture 
(Scheme 2 a)[”] or also to sufficiently conformationally stable 
enolate intermediates which possess axes of chirality (Scheme 
2b-e).[16-201 The cation also plays a decisive role in the reac- 
tions of enolates. Owing to the successful creation of a variety 
of alternatives, today practically any type of imaginable reactiv- 
ity or selectivity of these nucleophiles, which are of central im- 
portance in organic synthesis, can be achieved. possibilities 
include the participation of aggregates (“supramolecular” struc- 
tures) of Li-, Na-, K- and Mg-en~la tes [ ’~- ’~~ and their com- 
plexes with salts,[26, 2 7 1  amides,[28] and amines,[21-24’ ’’3 301 the 
reduction of the coordination sphere of the participating meta 
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Scheme I .  Dissociative reactions at stereogenic centers (a-e) and chiral organo- 
lithium compounds ( f ) .  In this article, the enantiomeric purity of compounds will 
be given exclusivel) in the form of enantiomer ratios (e.r.j, which are typically 
determined by NMR.  GC. or HPLC analysis. a)  Racemization during dissociative 
substitution at a ztereogenic center proceeding via a trigonal intermediate. b) 0H:CI 
substitution using thionyl chloride with retention of configuration [l]. c) The highly 
stereoselective cycliration of linalol to terpineol. The use of appropriately labeled 
derivatives ha\ shown that the carbon atomsC4, C3 (H:D), and Cl'(CH,;CD,) are 
present in only one configuration in the product [2]. d) D:H exchange, with reten- 
tion, in a fluorene derivative using ammonia as the base: the ratio of the rate of 
isotope exchange ( k , )  to the rate of racemization ( k , )  is greater than 5O:l [3]. 
e) Decarboxylation. with retention of configuration, of (R)-2.3,3,3-tetrafluoro-2- 
methoxypropanoate to give (R)- l .  1,1,2-tetrafluoro-2-methoxyethdne [4], f)  Config- 
urationally stable organolithium compounds described by Gawley et al. [6], Still et 
al. [7], and Hoppe el al. [XI 

center in boron en~ la t e s [~ ' ]  and its enlargement in titanium 
e n ~ l a t e s . ' ~ ~  ~ 341 the activation of the reaction partners with a 
variety of Lewis acids,[34] and the generation of enolates by the 
use of metal-free bases such as F- in B u , N F [ ~ ~ ]  and phos- 
p h a z e n e ~ , [ ~ ~ -  381 from silyl enol ethers,[391 or by direct deproto- 
nation. 

Within the framework of our work over many years devoted 
to the incorporation of inexpensive, simple, chiral, naturally 
occurring compounds (the "pool of chiral building blocks"[401) 
into complex target molecules, we wondered whether it would 
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Scheme 2. Some reactions ofenantiomerically pure esters and a ketone, which have 
only one center of chirality in the r-carbonyl position, giving enantiomerically pure 
or enriched products via the appropriate enolate. a) Enantioselecrive reaction of an 
achiral enolate in the presence of a chiral enolate [15]. b) Tetrahydroisoquinoline, 
aminoindane ring contraction without loss of enantiomeric purity. presumably via 
an imino-enediolate [16]. Strictly speaking, this is the nitrogen analog of the Wittig 
rearrangement. with retention of configuration at the migrating C atom (cf. the 
Stevens, Sommelet, and Hauser rearrangements [17]). cj  Stereoselective intramolec- 
ular trapping of an enolate by a diazooxoketo group with retention [lX]. d) Prepa- 
ration of an Y,a-disubstituted N-methylamino acid derivative wiihout the aid of a 
chiral auxiliary and without a temporary stereogenic center [19]. e) H:Me exchange 
with inversion of configuration of a I-naphthylketone (via an axially chiral interme- 
diate?) [20] 

be possible to develop some sort of "trick" for producing eno- 
lates of a-amino or a-hydroxy acids such that subsequent reac- 
tions with electrophiles yield nonracemic products. This led us 
to a simple yet broadly applicable synthetic principler41 - 4 3 1  that 
we call the "Self-Regeneration of Stereocenters" (SRS) .[44 ~ 481 

Wenn zwei dus Gleiche tun, 
ist es noch lange nicht Dasselhe.[*' 

The principle is extremely simple (Scheme 3): The chiral start- 
ing material possessing two functional groups but one (and only 
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Scheme 4. Chiral species with cationic, radical, and anionic trigonal centers and 
also those with a a-system, all of which can act as the intermediate in the self-regen- 
eration of a stereocenter (see Scheme 3) .  

trigonal center 

Scheme 3. The principle of the self-regeneration of a stereogenic entity illustrated 
with the example of a chirality center. In fact, the replacement of one of the four 
substituents at a single stereogenic center of the starting material requires four steps 
and is achieved without formation of a racemic product. The auxiliary is an achiral 
aldehyde. 

one) stereogenic center is allowed to react with an aldehyde to 
form an acetal, with preference for one isomer. Annihilation of 
the original stereogenic center and concomitant formation of a 
trigonal center yields an intermediate, which, due to the stereo- 
genic center of the acetal, is chiral. Subsequent reaction at the 
trigonal center proceeds diastereoselectively under the influence 
of this temporary stereogenic center, and finally, cleavage of the 
acetal unit leads to a product in which one of the substituents at 
the stereogenic center of the starting material has been replaced 
by a new one. The reaction sequence proceeds by dissociative, 
enantioselective substitution at a center of chirality and without 
the need for a chiral auxiliary-hence, the name “Self-Regener- 
ation”. Of course, an auxiliary is necessary-the aldehyde, 
which is introduced at the acetalization step and is then regener- 
ated by hydrolysis. 

Naturally, an unsymmetrical ketoner49 - 521 or some other 
achiral compound can be used in place of the aldehyde such that 
reaction with the precursor occurs diastereoselectively, and 

hence, the stereogenic center of the precursor can be destroyed 
with no cause for concern. The temporary center of chirality can 
also be replaced by an alternative, but again temporary, element 
of chirality (axis or planer53- 561, see Section 6). 

An illustration of the breadth of possible applications of the 
SRS principle is given in Scheme 4. It shows suitable reactive 
intermediates or derivatives, in which the original stereocenter is 
destroyed by removal of one of the ligands (R’). Cationic (elec- 
trophilic), radical, or anionic (nucleophilic) reactivity can be 
generated, and endocyclic or exocyclic n-systems can be formed 
in which one or more trigonal centers with diastereotopic faces 
are present. In Scheme4, a tert-butyl group is shown as the 
substituent at the acetal temporary stereogenic center. In our 
own work in this area, we prefer to use pivalaldehyde as the 
acetalization reagent for a number of reasons: a) the bulky tBu 
group results in particularly high diastereoselectivity in the ac- 
etalization step (Scheme 3 ) ;  b) the yields of acetalization are 
generally good (indeed, they are practically quantitative when 
the new transition metal catalysts[521 developed by Venanzi et 
al.[571 are employed); c) the tBu group also leads to high 
diastereoselectivities in subsequent reactions at the trigonal cen- 
ter; d) the tBu group is completely unreactive (in contrast to the 
Ph group introduced by the use of benzaldehyde) and enol 
derivatives cannot be formed; e) since the NMR signal of the 

Scheme 5. a-Alkylation of an a-amino, a-hy- 
droxy-, or a-sulfanylcarboxylic acid without 
racemization. Depending on whether a cis- 
substituted heterocycle 1 (when Y = NH, 
NCH,, 0) or the other isomer trans-1 (when 
X = NH, Y = NCH,) is formed, heterochiral 
enolates are formed in the deprofonation step, 
and subsequent diastereoselective alkylation 
leads to the enantiomerically pure products 
resulting from electrophilic substitution of the 
or-carbonyl proton. The letter A in RA on the 
aldehyde reagent and at the acetal temporary 
stereogenic center stands for auxiliary. RE rep- 
resents the group in the product introduced by 
way of the electrophile. Specific examples can 
be found in TableA in the appendix. Short 
review articles on imidazolidinones [?S] and 
oxazolidinones [66] derived from amino acids 
and dioxolanones [6?] derived from a-hy- 
droxycarboxylic acids have been published in 
the Encyclopedia of Reagents for  Organic Syn- 
thesis (see also the reviews in refs. [48,68]). 
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tBu group is one sharp singlet, it does not overlap with signals 
in large areas of the spectrum, and it can also serve as a useful 
reference in NMR analysis of the crude product; f) pivalalde- 
hyde is available on a large scale (it is obtained as a side-product 
during the hydroformylation of i s o b ~ t y l e n e [ ~ ~ ]  and is also used 
in the synthesis of  fragrance^["^); g) as pivalaldehyde has a low 
boiling point (74 C), it can be readily removed after the last step 
of the reaction sequence shown in Scheme 3, the hydrolysis.[601 

3. Chiral Heterocyclic Enolates of 2-Amino-, 
2-Hydroxy-, and 2-Sulfanylcarboxylic Acids 

It's the exception that proves the rule! 

The twenty proteinogenic amino acids and the related r-hy- 
droxy acids (which are formed by diazotization of the amino 
acids in aqueous media with retention of configuration), as well 
as other naturally occurring members of this class of com- 
pounds-for example lactic acid, glyceric acid, malic acid, and 
mandelic acid--provide us with vast reserves of chiral building 
blocks. By applying the SRS principle these compounds can be 
alkylated at the stereogenic center to yield products containing 
a tertiary C 

In the acetalization (the first step of the reaction sequence), 
the cis-substituted oxazolidinone, dioxolanone, or thioxolanone 
usually results from the thermodynamically controlled reaction 
of the carboxylic acid derivatives listed above.[621 The cis-substi- 
tuted product is also formed in the case of the imidazolidinone 
derivative,r63. 641 which is obtained from an amino acid amide, 
and this is the precursor of a particularly reactive Li-enolate. 
Under kinetic control the reaction leads to the trans-imidazo- 
lidinone. Hence, acetals derived from (S)-amino-, -hydroxy-, 
and -sulfanylcarboxylic acids can be produced with ( R )  and/or 
(S) configuration at the acetal center. Subsequent formation 
of the Li-enolate, reaction with an electrophile, and finally 
cleavage of the acetal results in a wide variety of a-branched, 
a-heterosubstituted carboxylic acids (see Scheme 5[65 -681 and 
Table A in the appendix, which contains numerous refer- 
e n c e ~ . [ ~ ~ ,  481) 

The cis-heterocycle 1 is formed with a selectivity that is usual- 
ly over 90 %, and clearly the enantiomeric purity of the intended 
substitution product cannot exceed the diastereoisomeric purity 
of the cyclic acetal. It is, therefore, usually necessary to purify 
these acetals by recrystallization or chromatography.[691 De- 
tailed procedures are available for the preparation of the imida- 
zolidinones (1, X = NCOPh, Y = NMe)[63J and oxazolidinones 
(1, X = NCOPh. Y = O)[70.  711 from alanine, phenylalanine, 
valine, and methi~nine.[~',  721 The synthesis of the dioxolanone 
(1, X = Y = 0, RA = tBu, R = Me) from lactic acid and pival- 
aldehyde has also been d e ~ c r i b e d . ~ ~ ~ . ~ ~ ~  (This compound is ob- 
tained with a cisr'trans ratio of 96:4 after crystallization.) Final- 
ly, the acid-catalyzed acetalization of malic acid, which yields a 
dioxolanylacetic acid and not a dioxanone carboxylic acid, has 
been published.[47. 7 3 .  741 

The Li-enolates of the imidazolidinones have the greatest sta- 
bility and tolerate reactions with electrophiles at temperatures 
above 0 "C, whereas enolates of the d i o x ~ l a n o n e s [ ~ ~ ,  47, 7 5  -791 

can only be handled at low temperatures. The most successful 

method for formation of the enolates relies on the use of lithium 
diisopropylamide (LDA) or hexamethyldisilazanide (LHMDS) . 
All the common electrophiles such as H f ,  D + ,  alkyl, allyl, and 
benzyl halides, a-haloesters and amides, aldehydes, ketones, 
a$-unsaturated carbonyl compounds, and nitroolefins together 
with the more unusual ones such as tricarbonyl(benzene)- 

1) KOtEiu 

2) REX 
P 

( 4  

a, a-dlsubsbtuted 
amino acid Amino acid 

2 X = (CH2)o.i. CH(0Ac). S 

From azetidine carboxylic acid, proline, hydroxyproline. cysteine 

CHO 

' \-f Meo2c~h- 

Scheme 6. Further 2-alkylations of amino acids following the SRS principle. a) A 
boraoxazolidinone [84] is alkylated via its K-enolate, and the boron atom serves as 
the stereogenic center. (This has been applied to phenybdldnine. phenylglycine, and 
valine, which were allowed to react with methyl and propyl iodide. and ally1 and 
benzyl bromide.) b) The amino acids alanine, phenylalanine, and leucine have been 
methylated and allylated via a tricyclic compound (derived from salicylaldehyde) 
[ 8 5 ] .  c) Alkylation of a cyclic amino acid via a bicyclic enolate [43,45,86-89]: 
enolization of the cysteine derivative (X = S) without p-elimination (see e)) is suc- 
cessful only when a special trick IS used (see Section 9) [89,90]: wlth O-acetyl-hy- 
droxyproline (X = CHOAc). the acetate group is also enolized [87,8X]. d)  Branch- 
ing of 2,3-diaminopropanoic acid [99], w i n e  [93,100,101]. cysteine [lo3 ~ 

1091, and glyceric acid [93,102] via the geminal-disubstituted intermediates 3 and 4; 
the Li-enolate intermediate (see e)) with an exocyclic double bond is fairly stable 
despite the (endocyclic) /Heaving group [93,102- 1091; as can be seen in the case of 
the cysteine derivative, the stability is very sensitive to the nature of the Nacyl 
group. Only the enolate formed from the formyl derivative is stable enough to 
undergo alkylation [93, lOS-lO9l (see also Scheme 33 in Section 9). Further ex- 
amples are given in Scheme 7 and in Tables B and C in the appendix. LiH- 
MDS = lithium hexamethyldisilazanide, DMPU = .?i,N'-dimethyl-N,N'-propyl- 
eneurea, Boc = rwr-butoxycarbonyl. 
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chromium have been employed (see the RE groups in Table A of 
the appendix and the accompanying references). The reactions 
proceed with high selectivity at the face of the enolate double 
bond[801 opposite to that shielded by the tert-butyl substituent 
on the acetal center. Furthermore, the products are usually 
highly crystalline or are easily purified by chromatography, 
such that a single diastereoisomer may be subjected to the final 
hydrolysis step. As the stereogenic center in the final product 
(the a-heterosubstituted apdisubstituted carboxylic acid) is 
stable, rather drastic conditions may be used for the hydrolysis 
of the heterocycles in the last step of the SRS sequence of 

a-Substituents have also been introduced to simple amino 
acids via other heterocyclic derivatives and their enolates. In the 
particularly clever "trick" outlined in Scheme 6 a the temporary 
stereogenic center is a boron atom, and, of course, hydrolysis 
after the alkylation can be achieved under very mild conditions 
in this case.rs41 Salicylaldehyde has also been employed as an 
achiral auxiliary for the SRS alkylation of amino acids (see 
Scheme 6 b) .[851 Cyclic amino acids such as azetidine carboxylic 
acid,[861 p r ~ l i n e , [ ~ ~ .  451 hydro~yproline,'~'. 88]  and the cysteine 
derivative 4-thiapr0line[~~. 901 may be alkylated via bicyclic enol- 
ates, which react with a wide variety of electrophiles at the exo 
face exclusively (see 2 in Scheme 6c  and Table B in the ap- 
pendix).[9'-981 

The heterocycles derived from 2,3-diamin0-,[~~] 2-amino-3- 
h y d r o ~ y - , [ ~ ~ %  '0°, and 2,3-dihydroxycarboxylic acids[93, 

Scheme 5,[64.81-831 

NHSOOPh 

(Scheme 6d) are of particular interest. cisltrans Mixtures are 
formed during acetalization and the diastereoisomeric purity is 
highly dependent upon reaction conditions (thermodynamic 
control for acid 93 ,  - lo9] kinetic control for 
Rh3+ c a t a l y s i ~ [ ~ ~ . ~ ' ] ) ,  upon the substitution of the ring, and 
upon the nature of the heteroatoms in the ring. Both the oxazoli- 
dine[93. and the thiazolidinecarboxylic esters['03- 
are normally formed as 1: l  cisltrans mixtures. However, the 
subsequent N-acylation results in the formation of only the cis 

e enolates of the N,N-, 
N,O- and N,S-heterocycles are alkylated from the side opposite 
to that shielded by the tert-butyl group to give the products cis-3 
(Scheme 6d['0°3 104-1091). The reactivity of the glyceric acid 
derivative is somewhat different: the tert-butylthiol ester cy- 
clizes preferentially (5: 1) to give the trans product, and subse- 
quent alkylation occurs cis to the tBu group (-+ 4).[93r 'OZ1 

The enolates of the heterocyclic carboxylic esters have a 
range of stabilities with regard to 8-elimination (Scheme 6 e 
left), which should, in fact, be stereoelectronically unfavor- 
able.["'] In spite of this problem, very high yields of the re- 
quired product can be obtained under suitable reaction condi- 
tions. Examples with references can be found in TableC of 
the appendix and in Schemes 7 and 8, in which structures of 
some amino acids and natural products are shown that have 
been prepared using the intermediates shown in Schemes 5 
and 6c,d,e or by different applications of the SRS prin- 
ciple,[' 1 2  - 13  11 

derivative.[62, 93.  100. 101, 103 - 1101 Th 

Q 
From azetidine 
carboxylic acid[86] 

From methioniner0, 721 

From hydroxyprollne(871 

From lactic acid[l2 

From isoleucine[l21] 
From aminohexanoic 

From alanine[l 131 acid[1221 
From glutamic t i  
acid(l141 

From serine[93] From glyceric acid[93] From alanine[l20] 

From cysteine(891 

Scheme 7 .  Selected examples of a,?-disubstituted 1-heterocarboxylic acids prepared following the SRS principle described in Schemes 5 and 6. TBDMS = terr-butyl- 
dimethylsilyl. 
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Me Me 

(S)-(-)-Frontalin[46] 

Me 

fi0 

q .  S Me 

Scheme 8. At least one step in the syntheses of the natural products shown here 
follows the principle of self-regeneration of stereocenters: the tertiary carbon atoms 
formed in this way are marked by an asterisk. (S)-( -)-Frontalin was obtamed by 
alkylation of the enolate of cis-1 (X = Y = 0 ,  RA = tBu, R = Me, Scheme 5, 
derived from lactic acid) with l-iodo-4,4-dimethoxypentane, reduction with lithium 
aluminium hydride, and interchange of acetals. The key step in the synthesis of 
(+)-eremantholide A was the reaction of the same lactic acid enolate with 2,3- 
dibromopropene: the final product was obtained after many more steps. In the 
alkaloid (+)-indicine N-oxide the carboxylic acid unit in the ester side chain was 

acetaldehyde in 43 % yield. (R)-Mevalolactone was prepared from both lactic acid 
(via cis-1 (X = Y = 0 ,  RA = fBu, R = Me)) and malic acid (1, X = Y = 0, 
RA = IBu, R = CH,CO,tBu) following the SRS principle. The important point 
about this synthesis is that labels ("C, *H, 'H) can be introduced at numerous 
positions to produce derivatives suitable for biosynthetic investigations. Proline was 

proceeded via compound 2 (RE = allyl), which was prepared by the reaction of the 
bicyclic compound shown in Scheme 6c  (X = CH,) with allyl bromide. The miraha- 

Me 

(+)-lndicine N-oxide(1251 

prepared by hydroxyalkylation of cis-1 (X = Y = 0, RA = tBu, R = iPr) with 

(+)-Eremantholide A[124] 

0 the starting point for an elegant total synthesis of brevianamide B. The synthesis 

(-)-Brevianamide 8[127] 

(S)-Desferrithiocin[lO7] 

1-Deoxy-y-rhodomyanone H H 

(+)-1-Deoxy-6-rhodomyanone H OH 

BRhodomycinone OH OH 

- TBDMSO 

Ph to Ph 

zoles are a group of alkaloids that all contain an a-methylcysteine functionality. 
Dehydromirahazole A was synthesized from the methyl ester of a-methylcysteine, 
which was obtained from the appropriate heterocycle of type m - 3  (Y  = NCHO, 
X = S, R = Me, RE = Me, Scheme 6). x-Methylcysteine was employed in the same 
way in the synthesis of (S)-desferrithiocin. The synthesis of rhodomycinone began 
with enantiomerically pure (S)-aminobutanoic acid, which was converted into the 
hydroxy acid by diazotization. Subsequent reaction of the enolate of 1 (X = Y = 0, 
RA = tBu, R = Et. Scheme 5) with allyl bromide proceeded in the normal manner. 
Reduction of the carbonyl functionality with DIBAH, acetal interchange, and 
ozonolysis led to the 1,4-dialdehyde, which was suitably protected such that a 
Marschalk reaction with the appropriately substituted anthrahydroquinones could 
then be carried out. This resulted in the formation of the rhodomycinones. The total 
synthesis of (+)-lactacystin was achieved by three different routes: two [I 29,1301 
followed the SRS principle and the third used the strategy described in ref. [92]. 
The synthesis carried out by E. J. Corey and co-workers [129] began with the oxazo- 
lidine derived from serine, which was hydroxyalkylated with isobntyraldehyde to  
yield a product of type cis-3 (X = 0, Y = BnN, R = Me, RE = Me,CHCH(OH), 
Scheme 6); J. E. Baldwin and co-workers described an extremely sophisticated ap- 
plication of the SRS principle. Pyroglutamic acid was allowed to react with ben- 
zaldehyde and then reduced to the bicyclic compound, shown in the last line. A 
series of subsequent steps led to the silyloxypyrrole shown, which reacted stereose- 
lectively with isobntyraldehyde in the following key step. 

DidehydromirabZole ~[108]  

NHAc 

(+)-Lactacystin[l29-131] 

Hl 
Lewis acid 
- 0  

Ph 

4. Using the SRS Principle in the Preparation and 
Reactions of a$-Unsaturated, a- and/or 
1-Heterosubstituted Carboxylic Acid Derivatives 
(Dienolates, Radicals, Michael Acceptors, and 
Components for Cycloadditions) 

Ich habe nicht mehr Gluck als Sie, 
aber ich probiere mehr als Sic![*' 

Adolf von Baeyer 

Cyclic acetals with endo- or exocyclic C-C double bonds 
must be prepared in order to introduce new substituents at 
the position f l  or 7 to a carbonyl group of a chiral, heterosubsti- 
tuted carboxylic acid, as was described in the previous scheme 
for the r-position. This can be achieved in a number of ways 
(Scheme 9). Firstly, the familiar five-membered cyclic acetal 
is prepared diastereoselectively from an aldehyde RACHO 
and the n- or a$-amino-, -hydroxy-, or -sulfanylcarboxylic 
acids. Subsequently, the resulting dioxolanones, oxazolidi- 
nones, and imidazolidinones can be, for example, brominated 
by means of a radical process. Such brominations display a 

[*I "I am not luckier than you. I simply try harder'" 

surprisingly high preference for the CH-position adjacent to the 
cdrbonyl group (captodative radical stabilization" 321) over the 
acetal center (this has a bulky RA substituent, tBu, and is there- 
fore sterically hindered) .[133- 1361 D' iastereoselectivity was ob- 
served early on in brominations that proceed via an a-carbonyl 
radical intermediate[1331 (see Section 9.3) rather than via an 
enolate (Schemes 5 and 6). Elimination of HBr then leads to 
acetals 5 ,  which have an exocyclic double bond (Patha in 
Scheme 9). In the simplest case (R=H), these are chiral non- 
racemic derivatives of a-hydroxy- or a-aminoacrylic acid, in 
other words, of pyruvic acid! An alternative method (Path b in 
Scheme 9) begins with a carboxylic acid bearing functional 
groups in the a- and P-positions. After the necessary functional 
group manipulations, a five-membered cyclic acetal with a leaving 
group in the exocyclic position f l  to the carbonyl group is ob- 
tained and hence, the alkylidene derivative 5 can now be readily 
~repared."~'  391 Furthermore, the oxazoline and thiazoline 
carboxylic esters 6, heterocycles with conjugated endocyclic C-C 
double bonds, can be prepared from the appropriate acetals of 
serine, threonine,[14"] and c y ~ t e i n e [ ' ~ ~ ~  (Schemes 6 d and 
9c). Finally, perhydropyrimidinones162s 14' 14'' and dioxano- 
nes [150  - 1621 can be prepared diastereoselectively from p-amino- 
and P-hydroxycarboxylic acids, respectively, by a variety of 

An$- &m Inr  W Far1 1996 35 2708-2748 271 5 
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- 
XH 

”p, 
x<  R* 

W 

Fmm (R)- and (S)-lactic acid, serine 
ormalicacid[133, 137, 1381 (Fi-cysteine(l33, 1391 

From (R)-malic acid[i63] From (3-alanine or 

From (R)-diamino- From (9-serine (R = H) From (R)-cysieine 
pmpanoic acid(99l From (8-threonine (R = Me)(140] (R =Me or Bn)[103, 1041 

From (W- and (Sj-3-hydroxybutanoic acid[i58] From (FO-%hydroxybutanoic acid 
and 3.%dime~yI-2-butanone[l60] 

Br 

Br 
OAC 
OH 

X H OR 

From (R)-%hydroxybutanoic acid[i54) 

Scheme 9. Preparation of chiral a$-unsaturated carbonyl compounds from 
amino-, hydroxy-, and sulfanylcarhoxylic acids with destruction of the original 
stereogenic center in the position a or 8 to the carbonyl group. (For specific ex- 
amples, see Scheme 10; for further reactions, see Schemes 11  -14. See the text for a 
discussion ofpathways (a)-(d). Tables D1 -D4 in the appendix give examples of the 
applications of these heterocycles.) 

From (R)-4,4.4-Irichloro-3- 
hydroxybutanoic acid[159] 

From (S)- and (R)-4.4.4-lrifluoro-3-hydroxybutanoic acid[l57] 

methods. Subsequent formal dehydrogenation leads to the hete- 
rocyclic a$-unsaturated carbonyl compounds 7 (Scheme 9 d), 
which are, in fact, chiral, nonracemic acetals of, for example, 
acetoacetic acid and other P-ketocarboxylic acids. 

The formulas of several five- and six-membered cyclic hetero- 
cycles with a$-unsaturated carbonyl functionality, together 
with the appropriate precursors and literature references are 
given in Schemes 10a and b.[163-1661 A n a-sulfinylacrylate and 
a 2-propenylsulfoxide are depicted in Scheme 1Oc; here, the 
stereogenic center of a sulfoxide, rather than that of an acetal, 
is utilized to preserve the chirality of the Michael accep- 
tor.[167, 16*] These readily prepared a,fi-unsaturated carbonyl 
compounds can be used as chiral building blocks in a variety of 
processes : the Michael addition of nucleophiles (such as 
cuprates or Cu’-doped Grignard reagents), the addition of rad- 
icals, in cycloadditions (photochemical [2 + 21 cycloadditions, 
Diels-Alder reactions), and catalytic &-hydrogenations or 
deuterations. Reactions with electrophiles are also possible (via 
the dienolates shown in Scheme l l ) ,  and in this way new sub- 
stituents can be introduced at the position a or y to the carbonyl 
group (see the examples in Schemes 11 a-c). An assortment of 
products, which may be prepared by various types of additions 
at the C-C double bond of the heterocyclic acceptors discussed 
above, is shown in Scheme 12.[169-1761 Structures derived from 

From (R)- and (Sj-3-aminobutanoic acid[143] From (S)-aspartic acid[164] 

0 
(C) 0 

From (S)-lactic acid(167I 

Scheme 10. Chiral products of formal dehydrogenation derived from lactic acid, 
malic acid, 3-hydroxybutanoic acid, and the amino acids alanine, serine, threonine, 
cysteine, aspartic acid, and 3-aminobutanoic acid. a) Five-membered ring heterocy- 
cles from a- and a,B-disubstituted carboxylic acids. b) Six-membered ring heterocy- 
cles from B-hydroxy and 8-amino acids. c) Chiral, noncyclic sulfoxides from lactic 
acid. Subsequent products are depicted in Schemes 1 1  -14 and in Tables D1 -D4 
in the appendix. For short review articles with information on methylene derivatives 
of dioxolanones [67], oxazolidinones [66], oxazolidine dicarboxylates [165], and 
dioxinones [166] see the Encyclopedia of Reagents for  Organic Synthesis. 
BZ = COC,H,. To1 = C,H,CH,. 
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Scheme 1 1. Chiral Li-dienolates derived from threonine (a), 3-hydroxybutanoic 
acid (b), and 3-aminobutanoic acid (c) together with products resulting from their 
reactions with electrophiles. Specific examples are given in Schemes 12 and 13. 

REVIEWS 

3-hydroxybutanoic acid['513 771 and constructed via the previ- 
ously mentioned dioxinones 7 (Schemes 9d, 10 b, and 11 b) are 
depicted in Scheme 13.[178-1801 Finally, Tables DI -D4 in the 
appendix document, in as complete a fashion as possible, previ- 
ous applications of the SRS principle to reactions of a,p-unsat- 
urated carbonyl compounds. It is not always immediately clear 
that self-regeneration is involved in these processes ; the two 
examples shown in Scheme 14 should demonstrate this point. In 
the first case, a hydrogen atom at the C3 position of serine is 
replaced by a butyl group in a diastereoselective fashion,11401 
and apparently nothing has happened at the original stereogenic 
center of serine. However, upon closer examination of the reac- 
tion sequence, it becomes clear that substitution at the C2 posi- 
tion has also occurred: The H atom is initially replaced with 
bromine by reaction with N-bromosuccinimide (NBS); the trig- 
onal center of the enolate, which is generated by cuprate addi- 
tion, is then diastereoselectively protonated such that a "new" 
hydrogen atom occupies the 2-position of the chain-extended 
serine derivative! Similarly in the second reaction sequence 
shown in Scheme 14 (part of a synthesis of soraphen['*']), the 
stereogenic center (indicated by an asterisk) of the hydroxy acid 
starting material appears to be present in an unchanged form in 
the product. In reality, however, this reaction sequence relies on 
the use of a temporary trigonal center at every C atom: Func- 

OTBDPS OTBDPS 

' NCOPh ,- 
M e O 2 C A \ b " " ' < +  H 

(e.r = 94 : 6) 
From (R)-alanine[l71] (ex0 : endo = 96 : 4) 

From (S)-lactic acid11381 

(ex0 : endo = 15 : 1) 
From(S)-lactic acid11691 

From (4-alanine(l751 

(d.r. = 97 : 3) 
From (3-lactic acid[l70] 

(d.r. and ex > 97 : 3) 
From (S)-serinefl40] 

(ex0 : endo = 2 : 1) 
From (3-lactic acid[174] (d.r.and ar.> 98 : 2) 

From (3-lrifluorohydroxy- 
butanoic acid[l73] From (3-lrifluorohydroxy- 

(e.r. > 98 : 2) 

butanoic acid11571 

1 COzMe 

(d.r. = 50 : 1) 
SH (d.r.and e.r.> 98 : 2) From (fl-3-amino- 

From (@-cysteine[104] butanoic acid11431 

k r .  > 98 : 21 HOAH 

%7!j NH3 

C O P  

(d.r. 97 : 3) 
From (@-alanine[l72] 

(d.r. = 83 :17) 
From (R)-alanine[l76] 

n 

(d.r and e.r > 98 : 2) 
From (ZS)-threonine[l40] 

(dr. > 98 : 2) 
From (2S)-threonine[l40] 6 From (3-triiluoro- 

hydroxybutanoic acid[l57] 

(d.r and e.r > 98 : 2) 
From (R)-cysteine[lO4] 

(d.r. = 7 : 1) 
From (S)-malic acid[136] 

Scheme 12. Selected examples of products prepared via the unsaturated heterocycles shown in Schemes 9- 1 I .  Dashed lines are used to mark the newly formed bonds, which 
result from Michael additions, radical additions, Diets-Alder reactions, and reactions of enolates and dienolates with electrophiles; further examples are given in schemes 13 
and 14 and also in Tables D1 -D4 in the appendix. Complete details can be found in the literature references. TBDPS = rerr-butyldiphenylsilyl, All ~ allyl, 
MOM = methoxymethyl. 
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2,. OH 

... ... "7 R = Bn, NHAc, 
CH2C0,Me[ 1541 

R' =Me, Bu[l53] 

R = Et, Ph[l52] R' = Allyl; R2 = Et; 
R3 = Bu(371 

HO' 

OH 
0-0 

Me"+ 
Me, ,; OH . %., 

/ /, .-' COPR 

0 OH ' 

Scheme 13. Products prepared from (R)-3-hydroxybutanoic acid in which the 
preparation involves the temporary destruction of the original stereogenic center; 
see the dioxinone derivatives in Schemes 9d, lob,  11 b, 14b and in Tables D3 and 
D4 of the appendix. Of course, the methods used here are not only applicable to 
both enantiomers of hydroxybutanoic acid but are also generally applicable to 
3-hydroxycarboxylic acids (for example, see ref. [180]). 

+ "%,,, 

/ 
6nO 

Scheme 14. Reactions of serine (a) I1401 and (R)-3-hydroxybutanoic acid (b) [I811 
with substitution of the hydrogen atom in the position p or y to the carbonyl 
functionality by C,H, or RO groups. The formulas of the most important interme- 
diates are shown. The original stereogenic center is temporarily destroyed in order 
to achieve the necessary reactivity at the 3- or 4-position of the carbon skeleton. In 
both products, an H atom (at C2 of serine and at C3 of hydroxybutanoic acid) i s  
stereoselectively replaced (with retention!) by a new one; this could have been 
proved by deuterolysis in case (a) and by the use of D, in case (b). 

tionalization of the terminal CH, group of the hydroxybutanoic 
acid is only possible via the dioxinone derivative, and the hydro- 
gen atom at the C atom marked by the asterisk is derived from 
the H, used in a catalytic hydrogenation step! 

5. SRS via Acyliminium Ions and the Resulting 
Products 

Umpolung doubles the possibilities. 

In the previous two sections we have shown that new sub- 
stituents can be introduced, without racemization, at the 2- or 
3-position of carboxylic acids by means of enolate and enoate 
chemistry with the aid of electrophilic and nucleophilic reagents. 
The crucial intermediates derived from serine for the prepara- 
tion of modified 2-amino-3-hydroxycarboxylic acids are depict- 
ed in Scheme 15. In all of the previous examples, it has been a 
hydrogen atom that has been replaced by a new substituent. 

J 

1 

Scheme 15. Stereoselective replacement of H atoms and of the CO,H group of 
serine by new substituents following the SRS principle. Bonds marked in bold are 
those resulting from this transformation and do not break the convention used for 
the depiction of Fischer projections (see center and right). The alkylation yielding 
the a,x-disubstituted amino acid (left) and the modification resulting in chain exten- 
sion at the C atom in 8-position (right) are also possible with simple amino acids 
such as alanine (Schemes 5, 9a. 10a). whereas the decarhoxylation (center) [182] is 
not. 

However, in the case of the trifunctional amino acids such as 
serine, threonine, cysteine, and aspartic acid the SRS principle 
can be applied to replace the carboxyl functionality with other 
groups. For example, in the case of aspartic acid, the reaction 
sequence proceeds via the dihydr~pyrimidinone"~~ 1491 

(shown in Scheme lob), and for serine, the acyliminium ion[ls21 
(shown in the center of Scheme 15) is involved. As can be seen, 
the carboxyl group is replaced by a new substituent RNU, which 
is introduced by the use of a nucleophilic reagent (umpolung of 
the nucleophilic reactivity of the Li-enolate to produce elec- 
trophilic reactivity at the former C2 of the acid). Interestingly, 
these reactions often proceed in a far superior fashion when an 
iPr rather than the usual tBu substituent is present at the tempo- 
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rary stereogenic center, and generally the new substituent enters 
cis to the substituent at the acetal C atom!['83] 

The key step in the removal of the carboxyl group from the 
derivatives of serine, threonine, and cysteine is the electrolytic 
anodic oxidation of the carboxylic acid. Faraday[ls4I and Kol- 
be[1851 demonstrated that simple carboxylic acids are coupled 
under these conditions (2RC0,H + R-R + 2C0, + H2), and 
Hofer and Moestr1861 showed that oxidative decarboxylation 
occurs with carboxylic acids when R is a cation-stabilizing sub- 
stituent (RC0,H + R O H  + R O R  + CO, + H,). The reac- 
tion of the amino acids mentioned occurs as shown at the top of 
Scheme 16. In contrast to most other electrolysis procedures, 

From threonine 
(R = H, Me) 

COzMe C02Me 

COzR 

4 
From cysteine 
(n=0,1,2) 

C02Me 

Scheme 16. Electrolysis ofthe oxazolidine and thiazolidine carboxylic acids (e.g. 8) 
derived from L-amino acids, elimination of HOAc to yield the oxazoline and thiazo- 
line derivatives (e.g. 9). and electrophilic substitution at the C-C double bond by 
means of lithiation or by direct Vilsmeier formylation (subsequent Wittig olefina- 
tion produces the electron-rich diene 10) [101,103,140,182,190]. A short review 
article about 9 has heen published in the Encyclopedia of Reagenis for Organic 
S,vnthesis [165] 

this decarboxylation is a simple, easily conducted reaction. 
The electrodes need not be separated by diaphragms and the 
addition of a supporting electrolyte is also not required. A solu- 
tion of the oxazolidine rloll or oxidothiazolidine carboxylic 

in a protic solvent such as acetic acid (this is much 
less susceptible to decarboxylation !) or methanol is mixed 
with triethylamine (formation of the supporting electrolyte, 
RCO,Et,NH+) and then electrolyzed in an undivided cell until 
the gas evolution ceases and the conductivity falls due to com- 
plete consumption of the carboxylate. This reaction can be 
carried out at high concentrations of the carboxylic acid on a 
multigram scale and results in excellent yields of the decarboxy- 
lated product (8, X = 0, R' = Me, R2 = tBu, ca. 90% yield 
for the decarboxylation step, ca. 55% yield from serine over 
four steps;["'] the 2-isopropyl derivative can be prepared 
analogously). Here again, the cis-acetoxyoxazolidine is pro- 
duced, which results from attack of the acyliminium salt (shown 
in the box in Scheme 16) at the apparently more sterically hin- 
dered face.r1831 Lewis acid assisted nucleophilic substitution of 

the AcO group of the useful, readily available, enantiomerically 
pure derivatives 8[l4', 187-1941 can be performed, and once 
again, this proceeds via the acyliminium ion. Products obtained 
from the reaction with bis(trimethylsily1)acetylene or from the 
Michaelis -Arbuzov reaction (triphenylphosphite. TiCI,) (yields 
of 80 and 95%, respectively; diastereoselectivities of 90 and 
80%, respectively) are shown at the top of Scheme 17.r'82. 

Scheme 17. Top: An acetylenic amino alcohol and a phosphoserine derived from 
heterocycle 8 [182,195], which is shown in Scheme 16 and derived from serine; an 
amino diol prepared by addition of the Li threonine derivative from Scheme 16 to 
acetone, hydrogenation of the double bond, and hydrolysis [140]. Middle: Com- 
pounds resulting from addition of dibromocarbene, tetracyanoethylene, and an acyl 
cyanide to heterocycle 9;  a product with four neighboring stereogenic centers (two 
of which are derived from serine) results from hydrogenation of the Diels-Alder 
adduct of maleic anhydride and diene 10 [192]. Bottom: The addition of the ar,b-un- 
saturated acyl cyanide to 9 apparently proceeds via a zwitterion (enolate/acyl imini- 
um ion) and results in the formation of a trans-fused bicyclic compound. The 
allylation of this compound (allylsilane/TiCI,, Sakurai method) proceeds cis to the 
tert-butyl group with formation of a 6-amino-5-hydroxy-4,4-dimethyl-2-oxonon-8- 
ene carboxylic acid derivative (the two C atoms derived from serine in the C ,  chain 
are both stereogenic centers). 

Nucleophilic substitution of the electrolysis products 8, derived 
from serine, threonine, and cysteine, gives these intermediates a 
wide-ranging potential in synthesis. Elimination of acetic acid 
yields the heterocycles shown in the center of Scheme 16, which 
have highly reactive C-C double bonds. The oxazoline 9 contains 
the structural features of both an enol ether and an N-acyl-en- 
amine,[lO1. 140, 1 8 2 ,  190,1921 Th e hydrogen atoms at the double 
bond of 9 can be substituted by means of an N-acyl-directed 
metalation (next to the N atom) and by the use of a Friedel- 
Crafts type reaction (next to the 0 atom). Here, once again, the 
stability of the acyliminium ion is responsible for the regioselec- 
tivity of the kinetically controlled reaction with electro- 
p h i l e ~ [ ' ~ ~ *  192 ,  1961 (see the formyl- and vinyloxazoline carboxylic 
acid ester 10 in Scheme 16 and the bicyclic and tricyclic species in 
Scheme 17, resulting from cycloaddition reactions). The relative 
configuration of the products, which are frequently formed with 
complete diastereoselectivity, was assigned by chemical correla- 
tion or NMR spectroscopy. All products are enantiomerically 
pure and all are also available in the cnantiomeric form by the 
use of D- instead of L-serine, -threonine, or -cysteine. 
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Scheme 18. Three applications of the SRS principle in which the temporary stereogenic center is a) a spiroacetal C atom [205], b) an aziridine nitrogen atom [208], and 
c) a nitrogen atom of a boron-amine adduct R1R*R3N+BHj [211]. 

6. Other "Tricks" for the Self-Regeneration of 
Stereocenters 

Phantasie ist wichtiger als Wissen.[*] 

Albert Einstein 

Once a synthetic principle has been understood, only the 
chemist's imagination sets the limits! In recent years numerous 
reactions have been described that intentionally or unintention- 
ally make use of the self-regeneration of stereo center^.['^^. 19*]  

We describe only a few here. 
In Scheme 18a the key stepr2051 is the diastereoselective for- 

mation of a dispirodiacetal from 1 ,Ir-bis(dihydropyran) and lac- 
tic acid, a procedure that is useful in a variety of other transfor- 
m a t i o n ~ . ~ ' ~ ~ ~ ~ ~ ~ ~  In Scheme 18 b the configurationally stable 
stereogenic center at the nitrogen atom of an aziridine facilitates 
the introduction of new substituents at the 2-position of ser- 
iner206] via enolates of the aziridine carboxylic ester.r207-2091 
Scheme 18c depicts a highly refined, and yet conceptually 
simple a-allylation of an amino acid derivative : After diastereo- 
selective formation of a Lewis acid/Lewis base complex from 
BH, and N-benzyl-N-methylalanine methyl ester, an enolate is 
formed, which is chiral owing to the stereogenic center at the 
nitrogen atom. This intermediate reacts diastereoselectively 
with alkyl halides such that removal of BH, and debenzylation 
leads to ccp-disubstituted N-methylamino acids with enan- 
tiomer ratios of up to 9:I.[2'032111 

Obviously, not only stereogenic centers but also stereogenic 
axes and planes are able to self-regenerate. Hence, it is also clear 
that not only temporary stereogenic centers but also every other 
chirality element (axis, plane, helix) can be employed in self- 

regeneration. The application of chirality planes within transi- 
tion metal complexes is well-documented. The principle is 
described in Scheme 19 (cf. Scheme 3) and some specific ex- 
amples are given in Scheme 20.[2'2-2'71 A s can be seen, the 
single stereogenic center of the starting material is destroyed 
in the process. Simultaneously, a plane of chirality is 
formed[*'s1 or preserved. The metal center, together with its 

t 

Scheme 19. Self-regeneration of stereocenters with the assistance of transition 
metal n-complexes. An enantiomerically pure compound with only one stereogenic 
center is complexed diastereoselectively (1). The configurationally stable plane of 
chirality ensures that the subsequent destruction of the stereogenic center results in 
the formation of a nonracemic intermediate (2). Hence the next reaction (3) pro- 
ceeds diastereoselectively and the destruction of the rr-complex (4) results in the 
formation of an enantiomerically pure or enriched compound [212-2171 (cf. 
Scheme 3) .  
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.r.n *I tr -w-m 

1 
Ho 

1 
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Scheme 20. SRS processes via %complexes with planes of chirality. Steps (1)-(4) in (b) and (c) correspond to steps (1)-(4) in Scheme 19. a) Nucleophilic substitution, with 
two inversions of configuration, at the allylic position via a stoichiometrically or catalytically generated Pd-a-ally1 complex [213] (dppe = ethane-1,2-diylbis(diphenylphos- 
phane)). b) Substitution of an OH by an zl'r group with inversion. The intermediate is a benzene-chromium(tricarbony1) complex, which is Me,Si-protected in the position 
on the benzene ring ortho to the methoxy group. This complex is first lithiated and methylated next to the methoxy group, and then an isopropyl group is introduced at the 
second benzylic position in an analogous fashion. The sequence shown is part of the total synthesis of the sesquiterpene cis-7,S-dihydroxy-l1,12-dehydrocalamenene [214]. 
c) Diels-Alder reaction of an ortho-quinodimethane with w-phenylsulfonylstyrene. The starting alcohol is produced by enzymatic kinetic resolution. The lithium alkoxide 
of the benzene-chromium(tricarbonyl) complex ring opens to the planar-chiral quinodimethane at approximately - 30 "C [215]. d) Reaction of one of the a-allyl(car- 
bonyl)iron complexes, available by transformation of lactic acid, with nucleophiles. This reaction was used in the synthesis of simple natural products such as pheremones 
and terpenes [216a]; analogous reactions are also possible with the complex derived from henzyloxy-2-pentenoic acid [216b]. e) Substitutions via cationic tetracarbonyliron 
complexes, in which the organic ligand is formally a derivative of maleic aldehyde but actually derived from malic acid [216c] (cf. the substitution reactions of 8, Schemes 16 
and 17). Similar reactions have been carried out with the tricarbonyliron complexes of 2-alkoxy-4-vinyl-2,5-dihydrofurans [217]. 

ligands, acts as a temporary substituent and hence, influences 
the stereochemical course of subsequent reaction(s) and the for- 
mation of new centers of chirality. Once the metal complex has 
been destroyed, the organic ligand is released in an enantiomer- 
ically pure or enriched form. The result of this reaction sequence 

is that a new substituent is introduced stereoselectively at the 
original stereogenic center. Since this is achieved without the aid 
of a chiral auxiliary, this sequence can also be considered to 
follow the general concept of the self-regeneration of stereocen- 
ters. 
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12471 12471 
Chiraspher column 

7. What Can Be Done When No Suitable Precursor 
for the Self-Regeneration of a Stereocenter Is 
Available? 

Cellulose ttiacetate E z I  (R = H, Me) [244] 

Nothing is worse than harping 
on principles! 

The heterocyclic products described in Sections 3 - 5 (Li-enol- 
ates, Michael acceptors, radical intermediates, acyliminium 
salts) display high reactivity, and their reactions usually proceed 
with outstanding diastereoselectivity. Availability, reactivity, 
and stereoselectivity are the marks of quality of synthetically 
useful compounds. For this reason we aimed to make such enan- 
tiomerically pure dioxolanones, oxazolidinones, imidazolidi- 
nones, perhydropyrimidinones, and dioxinones readily avail- 
able, even when no suitable, inexpensive chiral precursors were 
available. The solution to this problem is illustrated with ex- 
amples from the synthesis of cr-amino acids.[219. 2201 As was 
shown in Section 3, amino acids can be substituted at the a-po- 
sition by applying the principles of SRS. This approach provides 
relatively easy access only to compounds in which one of the 
substituents at the stereogenic center is derived from one of 
the 20 proteinogenic amino acids. It is, however, impossible to 
produce an amino acid with a single, “unnatural” side chain 
in the a-position by this method. Clearly what is needed is a 
chiral glycine derivative with an oxazolidine or imidazolidine 
structure. Reaction of this compound either once or twice 
with appropriate electrophiles and subsequent hydrolysis 
would lead to the desired amino acid. There are three ways to 
prepare a glycine derivative of this type, and we wish to denote 
them as the laborious, the fashionable, and the classical ap- 
proach. 

If you want to strictly follow the SRS principle then you have 
to use the laborious approach12211 (see Scheme 21 top). Serine is 
0-benzyl-protected and the imidazolidinone is formed by the 
usual methods (Scheme 5 ) .  This is then debenzylated, oxidized 
to an aminomalonic acid 2z31 and then decar- 
boxylated. A chiral, nonracemic glycine derivative results owing 
to the acetal center, and it can be alkylated via the Li-enolate in 
the usual manner.[’” 2241 

Today, the most commonly used method (the fashionable 
approach) for the synthesis of enantiomerically pure com- 
pounds (EPC synthesis)[2251 on a laboratory scale relies on co- 
valently bound chiral auxiliaries which force the reaction to 
proceed in a diastereoselective fashion. In the extremely success- 
ful approach based on chiral auxiliaries, a readily available, 
enantiomerically pure compound is attached to the achiral com- 
pound that is to be modified enantioselectively in the overall 
process. The reaction is then carried out with as high a 
diastereoselectivity as possible and finally, the chiral auxiliary is 
cleaved. On a laboratory scale, the chiral auxiliary is commonly 
sacrificed, but in industrial applications, the auxiliary, which 
is used in a stoichiometric amount, must be recovered for fur- 
ther reactions.[226’ Evans’s method employing an oxazolidin- 
2-one, which is usually derived from an amino acid, with an 
appropriate substituent in the 4-position is perhaps the 
archetype of this form of EPC s y n t h e ~ i s . [ ~ ’ ~ ~ ~ ’ ~  There are nu- 
merous examples of compounds derived from glycine and a 
chiral auxiliary; Scheme 22 shows the different types together 
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with the names of their creators and references.[2281 Some of the 
chiral imidazolidinone-containing derivatives of glycine are 
shown in Scheme 21, which also contains references to the use of 
the chiral auxiliary approach in the reactions of oxazolines (cf. 

2722 Angew. Chem. Int. Ed. En,$. 1996. 35, 2708-2748 
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R 
6) Those heterocycles that are not derived from glycine (the 

dioxolanones, thioxolanones, perhydropyrimidinones, and 
dioxinones, see Scheme 21 bottom) can also be separated on 
chiral columns.[243, 2443 2 4 7 1  

N OMe 
0 RCO’ 

“ “ O y N X R  aNAco*R 
Schallkopf Yamada 

Belokon 
Viallefont 
Jacquier 

Evans Williams 
Katzuki 
Kunz 
Oppolzer 

N u  Nu ‘CN 

Steglich Yamamoto Harada 

Scheme 22. Some glycine, dehydroglycine, and imine derivatives that have been 
used (or proposed for application) in the auxiliary approach to C-C bondformalion 
in amino acid synthesis. Due to the wide variety of different systems and the large 
number of research groups working in this field, the names of only a few of the 
authors are listed here. For further information, see Williams’s book [219] and the 
recent review articles [220,228]. The method developed by Williams is in some 
respects very similar to the “Separation of Enantiomers” method outlined in 
Scheme 21 as the 2-amino-l.2-diphenylethanol used is obtained by resolution of a 
racemic mixture. However, in the latter case the stereogenic center is actually elim- 
inated at the end (-.aldehyde), whereas here the auxiliary, which initially also had 
to be prepared. is destroyed by hydrogenolysis (+1,2-diphenylethane!). 

9 in Scheme 16). dioxolanones (glycolic acid, cf. Scheme 5 ) ,  
dioxinones (cf. 7 in Scheme 9 and Schemes 10 b, 11 b, 13,14) and 
the dispiro-THP derivative (cf. Scheme 18 a) .[229-2381 

The third, so-called classical approach is the route we have 
chosen to adopt: either the resolution of a racemic mixture 
through diastereoisomeric salts or, the more recently developed 
approach, the separation of enantiomers by preparative HPLC 
on a chiral column. The structures of the heterocyclic acetals 
Separated in this way are shown at the bottom of Scheme 

e following advantages rapidly became clear: [239-250]  Th 

Large quantities of both enantiomers are readily available. 
Hundreds of grams, even several kilograms, of 2-tert-butyl- 
3-methyl-I ,3-imidazolidin-4-one (BMI) can, for example, be 
prepared by crystallization of the mandelate salt.i240. 249* ’”] 

The chromatographic separation of enantiomers (for ex- 
ample, benzyloxycdrbonyl (Z) protected 2-tert-butyl-oxazo- 
lidin-5-one on a 100 x 400 mm Chiraspher column) is pos- 
sible on a multigram 2 4 7 1  

The enantiomer that is not required for a particular synthetic 
target can be easily recycled by thermally induced racemiza- 
tion ( BMI,[2401 o x a ~ o l i d i n o n e ~ ~ ~ ~ ] ) .  
Since the enantiomerically pure cyclic acetals are obtained by 
resolution (Scheme 21 bottom), an auxilary does not have to 
be recovered. The aldehyde (ArCHO, iPrCHO, tBuCHO) 
formed during the hydrolysis step is cheap and can be dis- 
carded. In this case, the chiral auxiliary is the carboxylic acid 
or chromatography column used for the separation of the 
enantiomers. This is done at a very early stage of the overall 
process and of course, further use of this type of auxiliary 
(“recycling”) is not a problem. 
The reactivity of the heterocyclic glycine enolates and other 
intermediates is outstanding; the tBu group is the source of 
the high diastereoselectivity. 
The majority of the products are not only solid but also have 
a high tendency to crystallize. If necessary, the major product 
can be further purified by recrystallization in most cases. 

8. The Synthesis of Amino Acids via Chiral, 
Glycine-Derived Imidazolidinones and 
Oxazolidinones-Even Better than the SRS Principle 

Le mieux est l’ennerni du hien.[*’ 

Voltaire 

In this section, we aim to demonstrate the wide variety of 
possibilities now open to us by using the glycine derivatives 
produced by the resolution of a racemic mixture as an example. 
Only the 2-tert-butyl-N-acyl-1,3-imidazolidinones and -0xazo- 
lidinones will be considered because they have proved to be 
particularly useful and their chemistry has been investigated in 
the most depth.[2521 

The heterocycles described by the general formula 11 in 
Scheme 23 can be either mono- or dialkylated (a). The yield of 

Eoc / *:+R / %‘;&ow OCR 

OCR 

N 4  

Scheme 23. Reactions (a)-(h) of acyl-rrrr-butyloxazolidinones I 1  (X = 0) and 
acyl-tert-butylmethylimidazolidinones 11 (X = NMe) to give a variety of amino 
acid derivatives. See text for references; short review articles can be found in refs. 
[65.66]; specific examples are shown in Schemes 24 and 25 and also in Table E 
(appendix). Compound 11 (X = NMe, RCO = Boc) is also known as Boc-BM1 and 
oxazolidinone I 1  (X = 0. RCO = Z) is also known as Z-BOX. 

the first alkylationr81,2401 is usually so high with a wide variety 
of alkyl halides that the second alkylation can be carried out 
immediately in situ.[829831 The order of addition of the two 
different electrophiles determines the absolute configuration of 
the cc-branched amino acid isolated at the end of the procedure. 
Good procedures[831 now exist for the hydrolysis of imidazolidi- 
nones with even the bulkiest substituents (derived from Boc- 
BMI, 11, X = NMe, R = tBuO). This method has also been 
applied frequently for the synthesis of radiolabeled amino acids 
(examples in Table E in the appendix). The aldol addition (b) of 

[*I “The best is the enemy of the good.” 

Angrn.  Chrm lnt. Ed E n ~ i .  1996,35, 2708-2748 2723 



REVIEWS D. Seebach et al. 

oxazolidinone 11, X = 0, R = BnO (Z-BOX),[245,2461 to alde- 
hydes proceeds with high diastereoselectivity. If the aldehyde is 
chiral, the relative topicity is almost always determined by the 
enolate component.[71, 24s, 2 5 0 1  (See the notes on the mechanism 
in Section 9.3, Scheme 29 and Table F.) Aldol condensations (c) 
are best brought about by a Wittig-Horner olefination using 
Boc-BMI. The imidazolidinone is brominated with NBS, the 
bromide is then converted by the Michaelis - Arbuzow proce- 
dure into a phosphonic ester (PO(OMe), cis to tBu), and this is 
condensed with an aldehyde to yield the (E)-alkylidene deriva- 
t i ~ e . [ ' ~ ~ ]  These compounds are superb Michael acceptors and 
the addition of cuprates followed by aqueous workup yields 
pure derivatives of P-branched a-amino acids with almost com- 
plete diastereoselectivity ( R  and H add to the exocyclic double 
bond in a cis fashion from the face opposite to that occupied 

12401 ~331 
H Z L  ......... H z L  co,@ 

......... 
HO 

D 

co? 

HO 

CHIO O O C H z  

OCHJ 

12461 

12401 

_ - -  H!$& 5 .... cop.. > Hf$ ....... c o p  

/ ...... 
H 

/ 

\ 
CI 

N 

Scheme 24. Amino, diamino, and aminohydroxy acids derived from Boc-BMI and 
Z-BOX (11, X = NMe, RCO = Boc and X = 0, RCO = Z, respectively, 
Scheme 23). The C-H, C-D, C-N, C-C, and C-P bonds resulting from connec- 
tions to the skeleton of building block 11 are marked with dashed lines. These 
components were introduced by enolate protonation. denterolysis. and alkylation, 
by aldol additions (to give ( S ) -  or (R)-threonines or allothreonines), by aldol con- 
densations and Michael additions, by catalytic hydrogenation of C-C double 
bonds, and by carboxylation and phosphonylation. See also Table E in the ap- 
pendix, where many further examples can be found. 

by the tBu group).[2531 Michael additions of enolates derived 
from I1 to e n o a t e ~ [ ~ ' ~ ~  and enones (d)12'51 and to nitroolefins 
(e)124"1 proceed selectively with respect to both of the newly 
formed stereogenic centers. Finally, the oxygen atom on the ring 
of Boc-BMI can be smoothly removed with LiBH, (Scheme 23 
(f)) and the resulting chiral 1,2-diaminoethane derivative can be 
alkoxycarbonylated (g) or phosphonylated (h) . This methodol- 
ogy provides a-branched a,P-diaminopr~panoic[~~. 2s61 and 
-ethanephosphonic 'I respectively, in enantiomerically 
pure form. Selected examples of such amino acids are shown 
in Scheme 24,1258,2s91 and Table E in the appendix contains a 
complete list. The synthesis of (S,S,S)-2-amino-4-fluoro-3-hy- 
droxy-N,4-dimethyl-(E)-6-octenoic acid (MeBmt) is outlined in 
Scheme 25.[2'01 This synthesis follows a route very similar to 
that used for the preparation of the parent compound 
MeBmt,[2451 the unique amino acid found in the immunosup- 
pressant cyclosporin. The preparation of MeBmt once again 
underlines the peculiar effects of a fluorine substituent on the 
properties and reactivities of organic compounds.[260. 2611 

All of the advantages of the glycine derivative 11 have been 
emphasized, but the conditions necessary for the hydrolysis of 

1) TMSO-Tf 1) EtOH 
NEb, FIT, cR 2) CHzCIz* DlBAH H3cc 

2) NaHCO, H3C 
/ / R  

er= 95 : 5 

*:yo 1) LHMDS, THF, -78°C 
2) Aldehyde, -100°C 

3) H' / HzO 
* 

A OCHzCC13 

1 

10 

OCH,CCI, 

+ 

/MeOH, RT, 30 min 

Scheme 25. Synthesis of fluorinated analogs of MeBmt (formula bottom right, 
R = H and H in place of F), the unique amino acid in cyclosporin. A modified 
Ireland-Claisen rearrangement of the 2-fluoropropanoic acid ally1 esters shown led 
to the appropriate (2S,4E)-2-fluoro-2-methylhex-4-enoic acid (R = H, OTBDMS) 
with enantiomer ratios of 95:5 (yields 45-52%). Esterification and subsequent 
reduction yielded the aldehydes (formula top right), which were allowed to react 
with the enantiomerically pure (R)-oxazolidinone Troc-BOX to give the products 
shown (65 Yo). Methanolysis of the bicyclic major product, followed by methylation 
at nitrogen, yielded the trans-substituted cyclic carbamates. Finally, these carba- 
mates were converted to the free, 4-fluoro-substituted amino acids under the mildest 
possible conditions (danger of epoxide formation via the intermediate alkoxide with 
loss of F-) [250]. 

2724 Angen. Chem. Int. Ed. End.  1996. 35.2708-2748 
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the amino acid precursors prepared from Boc-BMI still leave a 
lot to be desired. As the last step is the cleavage of an N-alkylcar- 
boxylic acid amide, the highly acidic conditions required are not 
surprising. These conditions range (according to the substituent 
in the a-position) from 0.75 N HCl/acidic ion-exchange resin/re- 

to 4 N HCl/dioxane/H,0/80 “C, to 6 N HCljlO % 
MeOH/re f l~x , [~~]  to conc. HC1/100”C[831 and finally up to 6 N 

HC1/180 “Cjsealed ‘‘3 ”’] A solution to this problem 
has now been found with the imidazolines 12 shown in 

LDA 

THF 

or 

/ -75°C 
PG PG 

12 
(PG = COzlBu, COZBn) 

d.r. > 97:3 

2) 0.1 N TFA / HzO / 4°C 
1 RZX 

d.r. > 97 : 3 

jq: I ‘I 

85% 

Boc III 
64% 

Scheme 26. 2-tert-Butylimidazolidin-4-one, which is unsubsti- 
tuted at both nitrogen atoms and available by the resolution of 
a racemic mixture with camphor sulfonic acid and N-acetylva- 
line, can be converted into the methoxyimidazoline 12 by pro- 
tection of the amine nitrogen with either a Boc or Z group and 
then 0-methylation with Meerwein’s salt. The enolate-or to be 
more precise, enaminate-is an extremely reactive nucleophile 
particularly when the nitrogen is Boc-protected. Here too, the 
yields of alkylation are so high that a second alkylation can be 
carried out immediately in situ. The stereoselectivity of both 
steps is outstanding, and the 5-monosubstituted products can be 
hydrolyzed with 0.1 N aqueous trifluoroacetic acid at 4 “C; hy- 
drolysis of the 5,5-disubstituted products requires 4 N trifluoro- 
acetic acid in water at room temperature.[233, 2411 It is, therefore, 
now possible to produce amino acids with highly acid-sensitive 
side chains (see the lower section of Scheme 26) by this proce- 
dure. 

The reactions of the glycine derivatives, which are prepared 
by resolution of racemic mixtures, proceed so well that these 
synthetic building blocks are now preferred even for the synthe- 
sis of .*,a-disubstituted amino acids derived from natural amino 
acids, in other words when the side chain is “proteinogenic” and 
the principles of SRS could also be applied. 

9. What Have We Learned? 

There is no disgrace 
in not knowing, 

but there is in not wanting 
to leurn. 

Socrates 

OMe 

86% 
(d.r. > 97:3) 

80% 
(d.r. > 1O:I) 

“Nasobem with Child” (from H. Stiimpke, Bau und Leben der Rhinogradentia, 
Copyrightc Gustav Fischer, Stuttgart, 1961). 

35% 67% 69% 

Scheme 26. I-Boc- and 1-Z-2-tert-butyl-3-methoxy-d3-imidazoline 12 (PG = Boc 
and Z, respectively) as chiral, nonracemic, glycine-derived. synthetic building blocks 
[233,241]. Reactions with alkyl halides proceed with high selectivity; the use of an 
excess of the racemic allylation reagents bromocyclopentene and -hexene results in 
an efficient kinetic resolution (as in the reaction of Boc-BMI-enolate with l-bromo- 
I-phenylethane [240,254]); the absolute configuration at the cycloalkenyl C atom is 
not yet known. The quoted diastereoisomer ratio, d.r. > 97:3, means that the 
second isomer is not detectable in the high-field NMR spectrum of the crude 
product. The yields listed below the imidazolines refer to the alkylation step and 
those below the amino acids refer to the hydrolysis step. Addition of the deprotonat- 
ed iminoester Li-12 to the aldehyde does not result, after hydrolysis, in threonine (as 
observed with the enolate of heterocycle 11) but gives allothreonine derivatives 
instead. LDA = lithium diisopropylamide, TFA = trifluoroacetic acid. 

There have been a few record-breaking cases of stereoselectiv- 
ity resulting from long-range effects (with up to six atoms be- 
tween the “inducing” and the newly formed stereogenic cen- 
ter!)[263-2661 and spectacular effects of fluorine substitution 
(reversal of the regio- and stereochemical course of the reaction 
on replacement of a CH, group by CF, in a reactant) .[’‘’I In the 
past we have somewhat cautiously speculated (sometimes only 
in footnotes) about the causes of these observations. They have, 
however, led us to become interested in the nucleophilic, radical, 
and electrophilic reactivity of the heterocycles prepared in stud- 
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ies of the SRS principle, and this in turn has led to some insights 
into the reactivity that are of general importance and not simply 
confined to this area. These topics will be discussed in the fol- 
lowing sections. 

9.1. The Effect of Secondary Amines 

We first stumbled upon this effect while studying the reactions 
of the lithium enolates of oxazolidinones and imidazolidinones, 
and it is now clear that this effect is particularly marked for 
polylithiated deri~atives.1~~. 45, ' I 4 ,  2681 One example is the reac- 
tion of the enolate derived from glutamic acid[2691 (Scheme 27). 
The enolate-carboxylate forms a complex with the diisopropyl- 
amine that results from the enolate formation (The structure of 
such a complex has been determined by X-ray crystallogra- 
phy.[291) Subsequent reaction of the complex with electrophiles 
results In the recovery of up to 50% of the starting material. It 

2 BuLi / 
/ 

/ I Ll 
J Up to 50% / 

starting material + Me-N 

95% 

Scheme 27. The effect of secondary amines on the reactivity of Li-enolates and 
orher Li derivatives. In a complex formed between an enolate and an amine, the 
nucleophihcity of the amine is enhanced, and hence, in the ensuing reaction with 
electrophiles, it acts as a proton source! Similarly, the reactivity of the Li-enol- 
ate.Li-amide complex is very different from thal of the enolate alone [269]. The 
structure shown is that of a complex between the Li-enolate of pinacolone and 
N,N,N-trimethylethylenediamine, which contains a hydrogen bond between the NH 
hydrogen atom and the enolate C atom [29]. (The numbers on the formula in the 
bottom right-hand corner are the interatomic distances in pm.) 

was proved that the proton of the amine was actually donated 
back to the enolate (apparently contrary to the relative pK, 
values of a lactam and an amine!) and that the amine was 
N-methylated under these conditions, although, in the absence 
of the Li-enolate, it would not normally react. Irreversible 
removal of the NH proton with BuLi leads to the formation of 
a new complex between the Li-enolate and the Li-amide, and 
subsequent alkylation now proceeds in excellent yield.r2691 To- 
day it is now commonplace to attempt to improve poor results 
of reactions between lithiated compounds, generated with LDA 
and an electrophile, by adding BuLi prior to the electrophile; it 
often, but not always, helps.[z701 

9.2, LiX Adducts with Aromatic Aldehydes-In Situ 
Sources of Bases and Electrophiles 

During attempts to a-alkylate cysteine via a bicyclic acetal in 
an analogous fashion to the proline derivative, it became clear 
to us that the (expected?)[271] p-elimination interferes in any 
reaction with LDA under all the conditions tested.[451 However, 
when a complex of an aromatic aldehyde and LDA[2721 or lithi- 
um tert-butoxide is employed, the aldol products shown in 
Scheme 28 are formed in good yield.['*. "I Transformations of 

Aminoalyl- Go LDA Li methoxide A 
- s  

MeS,,N< - 8 0 " ~  C N J  

> -50°C 
then Me1 

&- A- 

C 

R' 

R'%w 2. 1,LDA PhCHO .,AH No2 {=kR% then Li methoxide H+/H20 A Ph 

OH 
N0i.z 

R' 

R' = H, CH3 51 % 

Scheme 28. In situ generation and trapping of unstable enolates [48,89] and ni- 
tronates [273,274] with aromatic aldehydes with the assistance of the aldehyde 
adducts A [272] and B (lithiated hemi-aminal and lithiated hemi-acetal [89], respec- 
tively); the Li derivative A is usually used for the orthometalation of aromatic 
aldehydes [272]. In light of the instability of the enolates formed tiom the bicyclic 
compound shown, we conclude that this does not result from reaction of the free 
LiNR,, which exists in equilibrium with A, but that deprotonation, generation of 
the aldehyde, and aldol or nitroaldol addition result in a "collision complex" (see 
for example C and the accompanying caveat in the text). Arl = aryl. 

other unstable anionic derivatives such as those derived from 
nitrocyclopropane l2 731 are possible when functionalized, lithiat- 
ed hemi-aininals or hemi-acetals are used as both base and elec- 
t r ~ p h i l e . [ ~ ~ ~ ]  Fully realizing the complexity of the reactions of 
lithiated compounds[5. -"I and hence with all due caution, we 
have proposed a mechanistic model for this process.[2751 
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9.3. cis Selectivity Here, There, and Everywhere-The 
Power of the A'*3 Effect 

An observant reader of Sections 3 through 8 and the accom- 
panying schemes can hardly have failed to notice that numer- 
ous, at first sight surprising, stereochemical outcomes of reac- 
tions have been presented; these could all be collected together 
loosely under the heading "the cis effect" and they are sum- 
marized in Scheme 29. Except for a few examples from the early 
publications, we have interpreted [2761 and summarized these 
results in more recent 

First of all, it must be stressed that the level of stereoselectivity 
found in the alkylations and hydroxyalkylations of our het- 
eromonocyclic enolates has still not been achieved with the car- 
bocyclic analogs.[2771 For example, the reactions of the Li-enol- 
ates of 4- and 3-tert-butylcyclohexanone with CHJ proceed 

l q 6 7  2541 

I Preparation of the heterocycles I 

cis + trans 
(ca. 1 3 )  

(X = 0, S) 

Reactions of radical intermediates 

-H:$ - *:J: - *:$ 
RR PhCd 

trans Y = 0, NMe 
X = 0, NCOR 

\ 

AT0 Br - +g: - 
COR COR 

R = Ph, 0 t h  
trans 

Reactions via acyliminium ions 

COR2 

R1 4 yRN" 
X = COzH, OR Y = 0,s 

R' = iPr, tBu 
F? = OMe. OBn 

with diastereoselectivities of 55:45 and 80:20, respectively.[2781 
The addition of the Li-enolate of cyclohexanone to PhCHO 
proceeds with a maximum diastereoselectivity of 92: 8,[2791 
whereas the equivalent reactions of the five- and six-membered 
ring enolates of dioxolanones, dioxanones, oxazolidinones, imi- 
dazolidinones, thioxolanones, and perhydropyrimidinones with 
alkyl halides, aldehydes, and Michael acceptors are so highly 
selective that the second diastereoisomer cannot normally be 
seen in the high-field NMR spectrum of the crude product. The 
same is true for Michael additions to alkylidene derivatives (for 

Together with these questions of the degree of stereoselectivi- 
ty, the direction of selectivity has also always surprised us, in 
other words, both the type and manner of the influence on the 
relative topicity of the reaction process of certain substituents 
on the heterocycle. Scheme 29 summarizes reactions in which an 

example, that from Boc-BMI[~'~] or from d i o ~ a n o n e s ~ ' ~ ~ ~ ~ ~ " ~  1. 

Reactions of the Li-enolates I 

trans X=O,NMe I n = 4 , 5  m Y = 0, NCOR 

trans 

"9 

X = 0, NCOR 
Y = NMe, 0. S 
z=o,s 

OLI 

trans 

X = 0, NMe trans 
Y = 0, NBz 

Relative topicity of the aldol additions of the Li-enolates 1 

A B 

h 

C 

Scheme 29. Examples of reactions which, during the SRS process, result in substitution cis to the original substituent on the heterocycles (see Sections 3-5 for references). 
a) cir-Disubstituted five-membered ring heterocycles that are more stable than the Irans isomers. b) Reactions of Li-enolates of the five- and six-membered ring N,N-, N,O-, 
N,S-, and O,O-acetals that often lead preferentially to the civ products; the geometry of the exocyclic enolate double bond is unknown and is drawn arbitrarily here. 
c) Dichotomy of reactions of captodative-substituted radical centers in cis- and trans-selective processes. The assignment of the configuration of the bromo derivative is 
somewhat uncertain [I 351. d) Known reactions of 1,3-oxazolidines and -thiazolidines via acyliminium ions that proceed with a strong preference for the cis product. e)  Three 
Ziinmerman-Traxler diagrams [291] A, B, and C for the interpretation of aldol additions of heterocyclic enolates to aldehydes. For a compilation of the topicities observed 
in additions of the five- and six-membered ring heterocyclic enolates discussed herc to aldehydes, enones, enoates. and nitroolefins, see Table F in the appendix. For the 
definition of the "cic effect", see the text and Schemes 30-32. 
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apparently small change in the structure of the reactant results 
in the reversal of the stereochemical course of the reaction. As 
has already been mentioned, the point most worthy of note is 
perhaps that these reactions so often occur with cis selectivity. 
In these cases, either the cis product is thermodynamically more 
stable than the trans isomer or, when the reaction proceeds 
under kinetic control, the trigonal enolate, radical, or acylimini- 
um center of the reactant reacts preferentially from the side that 
features the substituent (usually a tBu group) a t  the acetal cen- 
ter. In this fashion, the cyclization with concomitant acylation 
of a Schiff base derived from an amino acid or  amide yields the 
cis-oxazolidines, -oxazolidinones, o r  -imidazolidinones either 
predominantly or exclusively (Scheme 29 a).[281. 2821 The ex- 
ample shown in Scheme 29 b (top right) is the cis attack on a 
bicyclic e n ~ l a t e [ ~ ’ ~ ]  leading to the thermodynamically more 
stable product (cis fusion of four and five-membered rings, with 
substituents in the exo position!). The cis-selective reaction of 
dioxolanone enoiates with exocyclic double bonds[2s41 and the 
reversal of this preference on moving from alkyiation to hy- 
droxyalkylation of a tartrate derivative are particularly inter- 
esting.[92-94.2851 When a dioxanone enolate is replaced with 
a perhydropyrimidinone enolate, the poor cis selectivity is 
transformed into an excellent trans preference (66% vs. 
97 % d . ~ , [ ’ ~ ~ , ~ ~ ~ ~  Scheme 29 b bottom). This increase in selectiv- 
ity is typical of the differences observed in reactions of all O-sub- 
stituted heterocycles relative to  those of an N-heterocycle with 
an N-acyl exocyclic group (cf. the ester enolate of dioxolane and 
the N-acyloxazolidine and thiazolidine carboxylic 
The stereochemical course of radical reactions is also very de- 
pendent upon the heteroatoms in the ring. Such reactions occur 
with preferential cis attack at an N-acyl derivative and trans 
attack a t  a dioxolanone, and the result also appears to  be depen- 
dent upon the reaction partner (R3SnH vs. NBS, see 
Scheme 2 9 ~ ~ ~ ~ ’ -  2901). Nucleophilic substitution next to the ni- 
trogen atom of the N-acyloxazolidine and -thiazolidine 
(Scheme 29d) occurring via acyliminium ions (with the assis- 
tance of a Lewis acid) virtually always provides the cis-substitut- 
ed compound as  the major product (see Section 5 and the refer- 
ences cited therein). Finally, examination of the six-membered 
ring chair for the Li-enolate aldol addition of N- 
acylimidazolidinones and -oxazolidinones shows a preference 
for the R group of RCHO to adopt an axial position, that is, cis 
to the heterocyclic ring (Scheme 23 b and B in Scheme 29e; 
Table F12541). 

Closer examination of X-ray crystal structures (either those 
carried out by us to determine the configuration of our prod- 

or  by others, which were re- 
trieved from the Cambridge Database) proved to be crucial in 
the interpretation of the observed cis effects. It is well known 
that five-membered rings (“natural” angle 108”) with trigonal, 
sp2 centers (“natural” angle 120“) are strained and that pyrami- 
dalization leads to a reduction in this strain.[2941 However, the 
crystal structures made us realize the enormous effect of the 
1,3-allyl (A’. 3 ,   train['^^-*^^] of amide and carbamate groups. 

dioxanones, 1,3-dioxinones, and even of 1,3-oxazolidinones and 
1,3-imidazolidinones not having N-acyl substituents adopts an 
equatorial or quasi-equatorial position (A, C, E in Scheme 30). 
In contrast, in the N-acyl derivatives, these substituents are USU- 

2728 

UCts[62. 143, 157 ,229 .  2 5 5 ,  292,2931 

The substituent at the acetal C atom of 1 ,3-dioxolanones3 1,3- 

a a 

b b 

A B F 

a a 

b 

C 

b 

D 
b 

E (or boat E )  

Scheme 30. A compilation of schematic diagrams of the typical structures of acylat- 
ed (B. D) and nonacylated heterocycles (A, also when N H  = 0. C and E) such as 
dioxolanones. imidazohdinones, oxazolidinones. dioxanones. dioxinones, and hy- 
dropyrimidinones. which have been used in reactions employing the SRS principle 
(see also Scheme 29). Between 1991 and 1995 the Cambridge Structural Database 
listed 55 structures of such molecules (CSD codes given below), an additional 8 
structures have been published in ref [143], and a further 14 older structures are 
shown and discussed in ref. [62].  F is the most commonly found arrangement with 
a pyramidalized amide nitrogen (to minimize the angle strain) and with the neigh- 
boring centers pointing in the opposite direction so as to minimize the A’.’ strain. 
Six of the structures referred to belong to Type A (HEBSEM. KOYXIF, LERLEZ, 
VURBEP. VURBIT, YADSEB). 18 to  Type B (HEVTIL, JlLROL, JILRUR. 
JODMEUIO. JOPWUG, JOPXER. LAFWEU, LAFWIY, LAXWEM. LAXXIR, 
PATCAO, PEFLOB. PEVWUI, PEXFED, PIWFIK, SOSDEJ, TAPSOS, 
VOBYUG). 2 to Type C (HEJNAL, KOHKEX), 8 to Type D (JOPYUI. JOPZAP. 
JOPZET. JOPZIX, JOPZOD, SUCJEF, SUCJIJ, SUMNIX), 8 further Type D 
structures are described in [143], 16 belong to Type E (sofu conformers) (JOPYAO, 
JOPY ES. JOPYIW, JOPYOC, LEDXAT. LEDXEX, LESJEY. LESJIC, LESJOl. 
LESJUO. PEKTII. SOSFIP, WEBXAC, WEBXEG, WEBXIK, WEBXUW) and 5 
to Type E’(h/Jut conformers) (PALFEN. PIPJAZ. PIPJED, PIPJIH, PIPJON). The 
majority of the structures were determined by the groups of A. L. J. Beckwith, S G 
Pyne. D. Seebach. and F. J. Urban; the literature citations not given here can be 
retrieved from the CSD files. 

ally found in a quasi-axial position on five-membered rings and 
in fully axial positions on the hydropyrimidones (see B and D in 
Scheme 30). The amide nitrogen in the five-membered ring is 
indeed considerably pyramidalized ( A  I 0.43 .&rz9s1 indicative 
of a nearly sp3 amine nitrogen). However, in the majority of 
cases, the amide group is hardly twisted at  all. Obviously much 
less resonance energy is lost if the nitrogen of the amide group 
is pyramidalized rather than the R,N-CO bond rotated.[z991 
The resulting substructures of the N-acyl heterocycles then ap- 
pear, if viewed from the carbonyl C atom, like structure F in 
Scheme 30. If possible, the O=C-R unit adopts a position to  a 
greater (five-membered ring) or  lesser (six-membered ring) ex- 
tent[3001 below the plane formed by the C, N , C  ring atoms; the 
substituents at the neighboring C atoms are above the plane. 
Some particularly impressive examples are shown in 
Scheme 31.[3011 

This structural information explains the higher thermody- 
namic stability of the cis-substituted N-acyl five-membered ring 
heterocycles (Scheme 29a) and also the many differences in the 
reactivity of heterocycles with or without exocyclic N-acyl 
groups (Scheme 29 b,c,ec3O2I). However, another type of 
A’. strain (Scheme 32) is responsible for the cis selectivity of 
several enolate and radical reactions (cf. Scheme 29b,c). It is 
known that an exocyclic CH,R group at  an enolate double 
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(I’h ol the Z group has 
k e n  omitted lor clant).) 

Ph 

0 

H 
TEDMSO CH3 

Q - -  TEDMSO’ ‘ ~ e  

Scheme 31. Typical crystal structures of derivatives of N-acylimidazoline [301], 
-imidazolidine [234]. -oxazolidine [62]. and -perhydropyrimidine [62.143]. The 
plane of the benzene ring of the N-benzoyl group in the structures shown here, and 
in almost all those of this type known, is practically perpendicular to the carbonyl 
plane. The degree of pyramidalization A [298] at  the methyl-substituted ring C atom 
of the methyl carbamate and of the benzdmide silyl en01 ether is 0.07 and 0 11 A. 
respectively. In most o f  the structures the carbonyl oxygen of the N-acyl group is in 
a risoid arrangement with the acetal center; exceptions are found in structures of 
compounds in which there is a bulky substituent on the x-carbonyl carbon. For 
details of further structures of this type and the corresponding references, see 
Scheme 30. 

bond can lead to a reversal of the topicity of attack at  the double 
bond due to the “allylic” endocyclic substituent (Scheme 32 a). 
This has been observed for both carbocyclic (cyclopen- 
t a n o n e ~ [ ~ ’ ~ ] )  and heterocyclic enolates   lac tone^,[^^^] di- 

REVIEWS 

Metal0 

X SR2 lsR* (;? ZR2 

R’ 

t t t 
Carbocyclic or heterocyclic rings X,Y.Z = CH2, 0, S, NR 

R’ at 

Scheme 32. Reactions of enolates and z-carbonyl radicals. When R’  is H or CH, 
in those systems with an endocyclic double bond, reaction occurs from below (rrans 
to R2). When R i  = CH2R’, the R’ group is positioned beneath the plane due to 
A’” strain and hence, the lower face is shielded to a greater extent than the top face 
is by R Z  (see a) and b)). An analogous effect is likely to be responsible for the c b  
selectivity observed with certain ester enolates containing exocyclic double bonds 
(c). References are given in the text. 

ox an one^[^'. 153, with endocyclic double bonds. Equally, 
in a whole range of examples of reactions of carboxylic ester 
and thioester Li-enolates with c a r b o ~ y c l e s [ ~ ~ ~  and heterocy- 
c l e ~ [ ~ ~ - ~ ’ .  ‘ 0 2 ~ z s 5 1  electrophilic attack at the exocyclic enolate 
double bond occurs cis to a substituent in the ring (Scheme 29 b, 
32[30’,3061). This can also be explained by some form of the 
A’,3  effect: the RO or RS group of the ester enolate shields the 
“lower face” of the enolate plane and the allylic substituent on 
the neighboring stereogenic center shields the ”upper face”. 
(Furthermore, in the case of the heterocyclic carboxylic ester 
enolates, a chelate effect might be involved.[3061) Whether or 
not attack occurs from the side cis to R’ at the trigonal center 
is dependent upon whether the transition state of the elec- 
trophilic attack at  the enolate double bond is early or late and 
also upon the relative sizes of the R’ and RZ groups 
(Scheme 32c). The movement of the RZ group out of the plane 
of the ester enolate has been confirmed by X-ray crystal struc- 
ture 307-3121 and the relationship between cis se- 
lectivity and size of the R O  group has been noticed previous- 

effects of this type in reactions of a-car- 
bony1 radicals, in which the radical center in the ring bears a 
RCH, substituent and is adjacent to a stereogenic center in the 
ring (Scheme 32b[290]), were first noticed in 1977.‘3131 

iY.[951 

Incidentally, 
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The cis selectivity of reactions that proceed via acyliminium 
ions (Scheme 29d) can be traced back to, amongst other things, 
the barrier to rotation of the RCO-N bond, which is much 
lower for cations than for amides (by roughly one-third), and 
hence the effect no longer dominates the course of the 
reaction,162. 183. 1961 

9.4. Protecting Groups Are Not Just Passive Spectators! 

Numerous examples have confirmed one observation: a pro- 
tecting group can have differing influences on the course of a 
reaction at a neighboring functional group-it is certainly not 
simply a spectator. For example, the diastereoselectivity of reac- 
tions of the Li-enolate of N-acyl-2-tert-butyl-1,3-oxazolidine-5- 
ones is extremely dependent upon the nature of the acyl group 
(Scheme 33[3143). It can be seen from the structures of enol 

I I R R 

Increased stabtlii of N-fomylated Li-enolates Degradation product 
Unstable N-carbamoyl of the formylaled 

enoiate serine enoiate 

Scheme 33. The influence of "protecting" groups on the course of the reaction. 
Top: The diastereoselectivity of methylation of a range of N-protected 2-rert- 
butyl-1,3-oxazolidin-5-ones varies from 3.1 to 50: 1. Bottom: The stability of eno- 
lates of 2-rerf-butyl-l,3-oxazolidine and -thiazolidine carboxylic esters is highly 
dependent on the nature of the N-acyl group. The reaction of the aldehyde 
CH,CH=CHCH,CF(CHI)CHO, shown in Scheme 25, with a variety of Li-enol- 
ates of N-acylated 2-~ert-butyl-l,3-oxazolidin-5-ones is a further example of the 
influence of N-acyl groups on enolate reactions of these types of heterocycles: Use 
of allyloxy-, benzyloxy-, and phenyloxycarbonyl-substituted oxazolidinones did not 
lead to the required products; the use of the trichloroethoxycarbonyl protecting 
group led to the first success. As in all the examples shown in this article, the 
geometry of the enolate double bond is not known and is drawn arbitrarily. For 
details about the cisoid arrangement of the carbonyl oxygen atom of the N-acyl 
group and the acetal center, see also the legend of Scheme 31 ; to date, the conforma- 
tion of the N-formyl group has not been determined. 

derivatives of such heterocycles (Scheme 31 that 
the substituent at the carbonyl C atom of the acyl group could 
formally be in contact with the atoms and groups involved in the 
transition sate of an S,2 reaction. This also applies to the acyl 
groups of the oxazolidine and thiazolidine carboxylic esters 
(Scheme 33 bottom): The N-formyl derivative is more stable 
than the carbamoyl analog possibly because the formyl-substi- 
tuted enolate has less A'. strain than the carbamoyl deriva- 
t i ~ e ' ~ ' ~ ]  and not only because the formyl group is more electron- 
withdrawing. 

10. Concluding Remarks 

The principle of the self-regeneration of stereocenters has led 
not only to the increase in the synthetic potential of readily 
available, chiral synthetic building blocks such as naturally oc- 
curring amino acids, but also to the development of simple, 
synthetic, heterocyclic starting materials which are available by 
resolution of racemic mixtures. There is very little risk involved 
in predicting that the SRS principle will find many more appli- 
cations and that the chiral acetals, which are now also commer- 
cially available in large quantities, will be employed more and 
more frequently in EPC synthesis. 
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Appendix 

The following abbreviations are used in the tables: All = 

H,C=CHCH,; Alloc = H,C=CHCH,OCO; Bn = PhCH,; 

TBDMS = tert-butyldimethylsilyl; TBDPS = tert-butyldiphe- 
nylsilyl; Z = PhCH,OCO. 

BOC = tBuOCO; BZ = PhCO; MOM = CH,OCH,; TBS = 
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Table A. Examples or the a-alkylation or a variety of amino-, hydroxy-, and sulfanylcarboxylic acids according to Scheme 5. In many cases the heterocyclic alkylation 
products were not hydrolyzed to give the corresponding a-,a-disubstituted. a-heterosubstituted carboxylic acids. Some examples of carboxylic acid derivatives prepared in 
this manner and some applications in natural product synthesis are shown in Scheme 7 and 8 .  4z:. R 

R UA X Y RE 

Alanine 

Me 

Me 
Me 
Me 
Me 
Me 

Me 

Valine 
iPr 
iPr 
iPr 

iPr 

iPr 

Leucine 

iBu 

iBu 

Isoleucine 
CH(Me)CH,Me 

Methionine 
( C H M M e  
(CH,),SMe 

( C H M M e  

Phenylalanine 
Bn 
Bn 
Bn 

Bn 

Bn 

Vinylglycine 
CH=CH, 

tBu 

Ph 
rBu 
Ph 
Ph 
2,4-CI,C6H 

k a  
Fe 

G a  

tBu 
tBu 
Ph 

fBu 

Ph 

IBU 

Ph 

Ph 

IBU 
tBu 

tBu 

Ph 

tBu 
Ph 
Ph 

2.4-CI,C,H3 

rBu 

tBu 

IBU 

rBu 
rBu 
Ph 

rBu 
Ph 

rBu 

NBz 

NBoc 
NBz 
N Bz 
NZ 
NZ 

NCOfBu 

NBz 
NBz 
NBz 

NAlloc 

NZ 

NAlloc 

NZ 

NZ 

NBz 
NH 

NBz 

NBz 

N Bz 
NBz 
NZ 

NZ 

NAlloc 

NBz 

NBz 

NBz 
N Bz 
NZ 

NBz 
NZ 

NBz 

NMe 

NMe 
0 
0 
0 
0 

0 

NMe 
0 
0 

0 

0 

0 

0 

0 

NMe 
NMe 

0 

0 

0 
0 
0 

0 

0 

NMe 

NMe 

NMe 
0 
0 

NMe 
0 

NMe 

Et [641, Bn [64], HzcQoMe [64], CH,(Boc-Indolyl) [120], CH(Me)CH,NO, [123] 

rl'r 13211 
Allyl[322], Ph [119], Bn [70], CH,(Boc-Indolyl) [120] 

H [324,325], Bn [324,325], CH,CO,tBu[326], (CH,),CO,[Bu[326], (CH,),N(Boc), [326] 
Bn [324,325] 

OMe 

Et j3231, CH,CO,Et [I 131 

Bn [327] 

D [HI, Me [@I, Et [64], Ally1 1641 
Me [70], Bn [70] 
CH,CO,Et I1131 

h z c y  [328] 

Me [329] 

H 2 C y  [328] 

Et 13291 

Me[329] 

D [223], MeI64,223], Et164,223], iPrI2231, CHMe(OH)[71] 
C(Me),OBz [71], CHPhOBz [71] 

Me [70,72], CH,CN [330], CH,(Boc-Indolyl) 11201, CHMe(0H) [71], 

CH,CO,Et [113] 

Me [70], CHPh(0H) [70] 
CH,CO,Et [I 131 
Me [324,325]. CH,COR (R = C1, OH, OCHPh,) [331], 
(CH,),OH [332], CH,COC(CO,Et)=PPh, [331] 
D [324,325], Me [324,325] 

H 2 C y  [328] 

D[114], Me[114], Bn[l14] 

Me [120], Bn [120], CHMe(0H) [120], CHPh(0H) [120] 
Me [I201 
iPr [329] 

Me (1201 
Et [329] 
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Table A. (continued) 

R R A  X Y RE 
~~ ~- 

2-Aminohexanoic acid 
Bu Ph 

Tyrosine 

N Bz 0 CH,NPhthaloyl 11221 

NZ 0 Me 13291 

DOPA 

Ph Hzcaoz 02 

NZ 0 Me 13291 

Tryptophan 
HZ? 

NZ 0 Et [329] 

Lactic acid 
Me tnu 0 0 Et [43,47l, Pr [471, Bu 142,471, Heptyl 1471, Allyl [42,43,47,126,333], Bn [43,47], 

CH,CBr=CH, 11241, CH,CONMe, 1471, (CH,),C(OMe),Me 1461, CMe,(OH) [43,471, 
C(CH,),(OH) 143,471, CPh2(0H) [43,471, CPh(0H)Me 143,471, CHMe(0H) 143,471, 

(CH,),NO, [123], CH(Mc)CH,NO, [123],CH(Et)CH,NO, [123], CH(CH,Br)CH,NO, [123], 

CH(Ph)CH,NO, 11231, 13341, Lo 1471, 13341, 

CHEt(0H) 1471, CIltBu(0H) [43,47], CH(OH)CH,=CHPh 1471, CHPh(0H) [43,47], 

H & e C O @  [335], CH(OH) 

3-Chlorolactic acid 
CH,C! tnu A 0 0 

\ / (R = H, Me)[336] ‘c;b 
3-(2,5-Dimethoxy)phenyllactic acid 

MeO~ 

0 0 CH,COR (R = C1, OH) [337] 

OMe 

3,3,3-Trifluorolactic acid 
CF3 tnu 

2-Hydroxyhutanoic acid 
Et tBu 

0 0 Me 12501 

0 0 Ally1 [128] 

2-Hydroxy-3-methyibutanoic acid 
I R  tBu 

Malic acid 

CH,CO,H f Bu 

0 0 CHMe(0H) [125,338] 

Me0 

0 
H2c+oMe [3371 

Me 1471, CD, [126], Allyl 1471, CH(Me)CH,NO, 13231, Bn [47], 0 

Mandelic acid 
Ph tBu 
Ph m r  
Ph Me 
Ph Et 
Ph Me 
Ph Ph 

3-Methylphenylglycolc acid 
3-MePh tBu 

3-Phenyllactic acid 
Bn tBu 

0 
0 
0 
0 
NMe 
NMe 

D 13391, Me 1421, Pr [42,43,47], CH,C! 13361, Allyl [42], CH(Me)CH,NO, [123] 
Me 1421 
D 13391 
D 13391 
D [339] 
D 13391 

0 0 CH,CI 13361 

0 0 Me [47], Et [47], Pr 1471, Allyl 1471 
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Table A .  (continued) 

R R A  X Y RE 

Thiolactic acid 
Me rBu S 0 Et [121], Ally1 [47,121], Bn [121], 

CMe,(OH) [121], CHPh(0H) [121], CHMe(0H) [121], CMe(CH=CH,)(OH) [121], 
(CH,),COMe [121] 

4-Methyl-2-sulfanylpntanoic acid 
iBu rBu S 0 Me [121], Bn [121] 

(3J1-3-Methyl-2-sulfanylpentanoic acid 
CH(Me)CHIMe fBu S 0 Me[121], Bn[121] 

Thiomandelic acid 
Ph rBu S 0 Me [121]. Bn I1211 

3-Phenylthiolactic acid 
Bn rBu S 0 Me[121] 

Table B. Examples 01'2-alkylations of bicyclic derivatives of azetidine carboxylic acids, proline, hydroxyproline, and cysteine, shown in Scheme 6, to give products of type 
2 These reactions proceed with retention of configuration. 

Proline 
CH, D [451. Me [45,117,118], Ally1 [43,45.118,127], Ph [45], PhS [4S], Bn [45.118], CH,NMe, [45], CH,CO,Me[45], CH,CONMe, [45], CHMe(OH)[45], 

CHrBu(0H) [45]. CMe,(OH) [45], CMe(OH)CH,CO,Me [45]. Ac [45], Bz [45]. C0,Me [45], HzC*IMS (3401, CH(OH) 1451. 

H ydroxyproline 

CHOAc D (871. Me [87], Ally1 [87], Bn[87], CHMe(0H) [87], CHIOH) a [871 
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Table C. Examples of the imidazolidine, oxazolidine, and thiazolidine derivatives 3, depicted in Scheme 6d, which were obtained by alkylation of enolates having exocyclic 
double bonds (Scheme 6e, left). It should be noted that, in the case of cysteine, a satisfactory yield can only be obtained when the nitrogen atom in the ring is protected by 
a formyl group (in addition, see refs. [104-109], the discussion in ref. [ l l l ] ,  Scheme 33 bottom). 

X Y R RF 

Serine 
0 NCHO OMe D [931, Me [931, Et "931, Ally1 [931, Bn [93], CMe,(OH) [93], Bz [931, C,H,, 13301, C,,H3, [3301, 

0 NCHO OBn 
0 NBn OMe 

Glyceric acid 
0 0 StBu 

Cysteine 
S NCHO OMe 

CO(CH&CH=CH(CH& 

CH,CH=CH(CH,),,Me 13301, CO(CH,),,Me [341], SXS(CH2!5h(C [341] 
U 

C&,, [3301 
CHiPr(0H) [129] 

D 1931, Allyl 1931, Bn [93], CMe,(OH) [93], CHMe(0H) 1931, CHPh(0H) 1931, CH(CH=CHPh)(OH) 1931, 
CMePh(0H) [93] 

Me[105-109], Et [106], Bn [106], Ally1 [106], CH,COIMe [lo61 

2,3-Diaminopropanoic acid (3421 
NMe NBoc OMe D [99], Me [99], Et [99], iPr 1991, Bu [99], Allyl [99]. Bn [99], SPh [99], SePh [99], OH [99], 

CHRCH,COCPh, (R = Me, Ph) [255] 

Table D1. Products of Michael and radical additions to derivative 5 ,  which has an exocyclic double bond. The preparation of 5 is outlined in Scheme 9a,b; a few of 
these products are shown at the top of Scheme 10a. R2 denotes the newly introduced substituent. Some selected examples of products of this type can also be found in 
Scheme 12. 

H " ; . l  R2 

X Y R' R2 

NBoc 
NBoc 
NBoc 
NBoc 
NCOPh 

NCOPh 
NCOMe 
NCOBn 
NCO(1-Naphthyl) 
NCOOMe 
NCOOPh 
NCOOBn 
0 
0 

NMe 
NMe 
NMe 
NMe 
0 

NMe 
0 
0 
0 
0 
0 
0 
0 
0 

H 
Me 
Me 
Pr 
H 

H 
H 
H 
H 
H 
H 
H 
CO,Et 
H 

Me [253], Bu 12531 
Me [253], Et [253], Bu [253], Ph [253] 
Et [253], Bu 12531, Ph [253] 
Bu [253] 
Me [139,1721, PrL1721, tBu [139,172], CH,OMe [1721, CH,CO,Me[172], C(Me),NO, [343], (CF,),CF, 11721, 

Bn [139], Adamantyl 11721, Tetra-0-acetylglucosyl [172], c-C,H,, 11721, $+ 11761, $6 [176], $6 11761 

c-C,H,, [139] 

c-C,H,' [I721 
c-C,H,, [172] 
c-C,H,, [172] 
c-C,H,, [172] 

Me [344], Et 13441, Bu [344], tBu [344], c-C,H,, [344] 
Bn [136], (CH,),Ph [136], c-C,H,, [136] 

c-C6HL1 [172] 

c-C,Hl1 [I721 
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Table D2. Products of Michael addition to derivative 6, which has an endocyclic double bond. The preparation of 6 is outlined in Scheme 9c; a few of these products 
are shown at the bottom of Scheme 10a. Some selected examples of products prepared in this manner can he found in Schemes 12 and 14a (see also Scheme 15). 

X Y R R N U  

NMe N Boc OMe Bu [99] 
NMe NBoc Ph Ph [99] 
0 NC0,Me OMe Bu (1401 

S NC0,Bn OMe Bu [lo41 

Table D3. Products of Michael addition to derivative 7, which has an endocyclic double bond. The preparation of 7 IS outlined in Scheme 9d;  a few of these products are 
shown in Scheme 10h. Some examples of products shown here can be found in Schemes 12, 13, and 14b. 

,Ti 
R'*O R' 

X Y R '  R2 R3 R4 R N U  

NAc NMe 13 
0 0 H 

0 0 H 

0 0 H 
0 0 H 
0 0 H 

0 0 H 

0 0 H 
0 0 H 

0 0 H 

tBu 
tBu 

tBu 

rBu 
tBu 
rBu 

IBU 

rBu 
rBu 

tBu 

H 
H 

Me H 

Me 
Me 
Me 

Me 

Et 
CH,OTBDMS 

OTBDMS 

Me 
Et 
Pr 

H 
H 

Bu [147] 
Me[1571, CD,[1571, Et[157], Pr[157], iPr[1571, Bu[1571, tBu[157], 
CH,CH=CH, [157], Ph 11571, Bn I1571 
Me [1521, CD, [1521, Et [1521, Pr [1521, Bu [152], Oct [152], Ph [152], 
CH,CH=CH, [152] 
Me [153], Bu [I 531, Ph [153] 
Me[153], Bu[153], Ph[153] 
Me 11531, Bu [153] 

Me [153] 

Me [152] 
Bu [152] 

Me [179] 

0 0 Me 
0 0 H 
0 0 H 

OMOM 

rBu 
Ph 
Ph 

Me 
H 
Me 

H 
H 
H 

Et [161,162], Bu [161,162] 
Pr [244], Dec [244] 
Bu [244], Ph [244] 
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Table D4. Structural formulas of products of cycloaddltion reactions (Diels-Alder reactions, [2  + 21 cycloadditions) of compounds 5-7 (Scheme 9). See also Schemes 10, 
12, and 13. 

(R = H; R,R = OCH,CH,O) 
[161, 1621 1161, 1621 [161. 1621 

(X = CH,. (CH,),) (R = H, C0,Et) 
[I371 [I741 

I 
TBDMSO 

Ph 

(R = H, OMe. R' R* (R = H, Me) 
[1711 OTMS) [I71 I H ph 11711 

Ph H 

(R = Me, OMe) 
11711 [I711 C0,Et [163]) 

(R = H 13461. (R = rBu, C,H,,) 
[173. 1381 

OTBDPS 

(R = CH=CHCO,Me, ,St, OMOM 
CH=CH(CH,),OTBDMS) I 
[I691 ~1701 

Table E. Some products obtained by the reaction of enolates of Boc-BMI, 2-BOX, and other similar heterocyclic acetals of type 11 (Schemes 21, 23, 25, and 33). In most 
cases, products with R' or RZ + H were prepared by carrying out a second alkylation of the monoalkylated product in situ, without isolation of the intermediate product 
(see Scheme 26 and text). A few of these compounds are also shown in Scheme 24 

RA X Y R' R2 

tBu NBoc NMe Ally1 [2401, Br [134], Bn [81], CH,CN [240], CH,CO,Me [81], H 
CHMe(0H) [2581, CHEt(0H) [258],CH(OH)(C,H,,) [258], CH(Me)Ph [240], 
CH(Me)CH,NO, 12401, (CH,),Ph [240],CH,CH =CHMe [240]. 
CH,C(CO,Me)= CH, [240], (CH,),CI [240], (CH,),CI [240], 
(CH,),CI [Sl], (CH,),"CN [349], (CH,),''CN [349], (CH,),CO,tBu 12541, 
CH(Me)CH,CO,Me [254], CH(Me)CH,CO,Et [254], 
CHRCH,COCPh, (R = Me, Ph) [255], 
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Table E (continued) 

R A  X Y R' R '  

tBu NBoc NMe 

fBu NMe 

iPr NBoc 

NBoc 

NMe 

I 
Ph 

I 
ar 

cHRToA (R = Me, Et, iPr, Ph, Bn) [254] 

Me 1991 

mu OMe 

H 

H 

2137 
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Table E (continued) 

R* X Y R' R2 

-~~~ ~ ~ ~ 

rBu[358] NBz NMe Me [71,224], zPr [71,224], Bu [71,224], Allyl [359], (CH,),OH [240], (CH,),Br 13601, H 

W I  
CH(0H) 

(CH,),PO(OH), [361], Bn [71,224], 
NOz 

tBu NZ NMe Me [711, iPr [240], CH,CO,Me [240], CH,CO,Et 12401, CH,SiMe, [240], H 
CHPh(0H) [71] 

H 
tBu NZ NCH,CO,Er Ally1 [2341, CH2b [234], C H z a  [234], $0 - [234], 

cH2006 (R = Br, OH, OTBDPS) [234] 

- 
/ 

CHzR 

NCH,CO,Et Me [230,232], Et [230,232] 
NCH(Me)CO,Me Me [230,232] 

tBu N Z  
rBu N Z  

H 
H 

NCH,CO-Gly-OMe Me [234], Bn [234], cHzov (R = Br, OH, OTBDPS) (2341, H tBu N Z  

tBu 

iPr 

iPr 

ll? 

fBu 
fBu 
tBu 

tBu 

tBu 

tBu 

tBu 

fBu 

Ph 

Me [71] H 

H NBz NMe 

N k  NMe 

OMe 

n 

Me [71] 

Me [71] H 

Me 1711 H 

NCHO 0 
NCOtBu 0 
N Bz 0 

Me [82] 
Me [82] 
Me [821, Bu [82], Bn [82] 

H 
H 
H 

Me [82] H 

0 

H Me [82], Et [82], Ally1 [82], Bn [82] 

0 

Me (821, Et [82] 
' k N P r 2  

NC0,Ph 0 Me [82], Allyl [82], Bn [82] 

Me [84 0 

Me[247], cH(oH)noMe [247] NBoc 0 

2738 
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tBu[363] N Z  0 

tBu NBoc 

tBu NBoc 

tBu N Boc 
rBu N Boc 
rBu N Boc 
tBu N Boc 

tBu N Boc 

tBu N Boc 

tBu N Boc 

NMe 

NMe 

NMe 
NMe 
NMe 
NMe 

NMe 

NMe 

NMe 

CH(0H)Et [246]. CH(0H)iPr [246], CH(0H)Ph [246], cH(oH)m [246], 

CH(OH)C,,H,, [246], CH(OH)C,,H,, [2461, [246], 

H 

CH(0H) 

D O M e  [246], DNoz [246], DNMez 12461. 
CH(0H) CH(0H) CH(0H) 

CH(0H) 9 [246], CH(0H) "9 [246], boMe [2461 

F F CH(0H) ' OMe 

Me [Sl], Et [Sl]. CH,iPr [El], Bn [Sl], CD,C,D, [Sl] 

Me 

Et 
Et [Sl] 
Me [Sl], Et [Sl] 
Me [Sl] 

Me 

Bn 

cHzp OMe 

D 

OMe 

El [82], IPK [82], Bn [82], 
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Table E. (continued) 

R A  X Y R '  

rBu NBz 0 Me 

rBu NBz 0 Bn 

OMe 

cHzQ- OMe *"> 

OMe 

IBU N k  O Me Ally1 [SZ] 

tBu NC0,Ph 0 Me 

NMe2 

Et [82]. Bn [82]. Ally1 (82 

Table F. Stereochemical course of the aldol additioii of cyclic enolates a-o  to aldehydes u, and the Michacl addition to a,P-unsaturated carbonyl compounds v and nitro- 
olefins w (3641. The primary adducts are presented its Newman projections and as Zimnierman-Traxler diagrams on the right side of the table. The substituent R4 IS always 
equatorial in case A and axial in case B for the adducts shown in the chair conformation (see the discussion in the text and Scheme 29e). 

h i k I 

m n 0 

I Electrophiles 1 
Rs 

U V w(EorZ) 

A B 

A B 

Ll." 

A B 

A B 

Electrophrle Model Selectivity [a] Ref. En o I a t e 
R'  R2 R3 X R4 R' Config. 

a U Aryl A + +  [2?, 39,366.3671 
a W A + +  (3683 
a W Me ( Z )  B + +  [368] 

Me 

b U Aryl A + + +  [22,19,166,167] 
b W Me (0 A + +  (3681 
b W Me ( Z )  B + +  (3683 
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Table F. (continued) 

Enolate Electrophile Model Selectivity PdJ Ref. 
R ’  R‘ R3 X R4 R 5  Config. 

C 

C 

d 

e 
e 
e 
e 
e 
e 
e 

e 

f 

g 
g 

h 

I 

I 

1 

i 
I 

I 

I 

I 

k 
k 
k 

k 

I 
I 
I 

m 

n 

0 

0 

H Ph 
f 1  Ph 
(CH,),SMe Ph 
(CH,),SMe Ph 
H OtBu 
H OtBu 
H OtBu 

tl  OtBu 

(CH,)>SMe Ph 
H OBn 

Me 

Mc 

MC 
Me 
Me 
Me 
Ph 
CH2C0,Li 

H 
H 
H 

H 

Me 

rBu 
tBu 
tBu 
tBu 
rBu 
tBu 

Me 
Me 
CF3 

H 

Me 

H 
H 
H 
H 
H 
H 

V 

V 

U 

W 

U 

U 

U 

U 

U 

U 

- U 

U - 

CH, U 

S U 

ti 
U 

ti 

U 

U 

U 

U 

Me 
Alkyl 

Aryl 

Alkyl 
Aryl 
Alkyl 
Aryl 
Alkyl 
Alkyl 
Alkyl. 

Me 

Aryl 

Me 
Alkyl, 
Aryl 

Aryl 

Alkyl, 
Aryl 
Alkyl, 
Aryl 
Alkyl 
Aryl 
Me 
Me 
Me 
Me 

Me 
Aryl 
Alkyl, 
Aryl 
Aryl 

Alkyl 
Aryl 
Alkyl 

Alkyl 

Alkyl, 
Aryl 

Me 
Aryl 

Aryl 

Aryl 
Alkyl 

OAlkyl 
OAryl 

B 
B 

A 

B 
B 
B 
B 
B 
A 
A 

B 

A 

B 
B 

B 

A 

A 

B 
B 
A 
A 
A 
A 

A 
A 
A 

A 

A 
A 
A 

A 

A 

B 
B 

+ t o + + +  
+ +  
+ 
+ + +  
+ + +  
+ + +  
+ + +  
+ t o  + + +  
+ +  
+ + +  
+ +  
+ 
+ + +  
+ + +  

+ + +  
+ 
+ 
+ t o + +  
+ t o  + + +  
+ + +  
+ 
+ + +  
+ +  
+ + +  
+ f  
+ + +  
+++  
+ t o + +  
+ +  
+ + +  
+ + +  
+ 

+ 
+ + +  

[a] + : i 6 O %  k. + + : 60 80% d.1; + + + : > 80% d.<. 
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