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1 Introduction 

Synthetic equivalents of amino acid cx-cation 
synthons have enormous potential in the synthesis 

of a wide range of amino acids, peptides, and many 
other nitrogen-containing compounds. The synthetic 
equivalents are the wsubstituted amino acid 
derivatives 1 and the imines/iminium ions 2/3. 

1 2 3 

Glycine derivatives I possessing an additional 
heteroatom at the x-position are not only of value as 
synthetic intermediates, but they are also important 
compounds in their own right: 

They are amino acid derivatives that might be 
incorporated into biologically active peptides, to 
generate new analogues with enhanced medicinal 
proper t i e s . 

Some x-hetero-substituted x-amino acids are 
natural products, e.g. bicyclomycin 4 and aranotin 
5 .  

The poly-functionalized rx-carbon possesses 
unusual chemical properties that can be studied 
and exploited. 

Many peptide analogues have been prepared in 
which residues have been modified by the 
incorporation of hetcroatom groups into the side- 
chains. In contrast, there are relatively few examples 
of such modification at the x-positions of peptides. 
This is almost certainly because of the inherent 
instability of the corresponding free x-amino acid, in 
which the nitrogen lone pair displaces the hetero- 
atom leaving group (Scheme I ) .  When the nitrogen 
lone pair is not fully available to displace X (e.g. 

R2 0 

Y -  + Y 
x- 

1 3 
X = F, CI, Br, SR, OR, OCOR 
Y = OR, NHR 
R' and/or R2 = electron-withdrawing groups such as 
MeCO, PhCO, BubCO, PhCH20C0, phthaloyl. 

Scheme 1 
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when R1 or R2 exert a -M effect), the a-substituted 
a-amino acid derivatives can be moderately stable. 
However, in most cases the nitrogen lone pair can 
still assist in the displacement of X, either through 
the anomeric effect or by generating imine/iminium 
ion intermediates. HO 

In nucleophilic displacement reactions of X from 
compounds such as 1, it is often unclear whether the 
reaction is accelerated simply by the anomeric effect 

displacement of X occurs before attack by the 
nucleophile. Whichever mechanism does operate, 
the enhanced electrophilic reactivity of a-substituted 

them to be exploited very successfully in further 
synthetic transformations. 

intermediates, it is difficult to obtain or exploit the 

5 from the nitrogen lone pair, or whether full 4 

BocHNY co2Bu' 
BocHN -C02But NBSi cc14ip peptides affects their medicinal potential, and allows hv, A 

Br 

Whether they are the ultimate target or synthetic Scheme 2 

chirality that most a-substituted a-amino acids 
should possess - again, the reversible formation of 
imines is the culprit, usually causing racemization at 
the a-centre. The stability of an a-substituted 
a-amino acid is also affected by the leaving group 
ability of X. Although this can be influenced 
strongly by the reaction conditions, the following 
order of reactivity is a useful guide: 

F <OR < SR < C1< Br 

(R = alkyl or acyl; where R = H, the derivatives are 
usually unstable). Looking at this approximate order 
of reactivity, it is perhaps not surprising that the 
more stable derivatives are often targets in their 
own right, whilst the relatively reactive a-bromo 
derivatives have dominated work on the use of 
a-substituted a-amino acids as synthetic 
intermediates. 

a-cation equivalents began in the mid-l970s, but 
significant developments have taken place over the 
past 5-10 years which have really opened up their 
potential in synthesis.' This article gives an overview 
of the field, and includes references up to the end of 
1994. Although this review primarily concerns 
a-substituted glycine derivatives, other a-substituted 
amino acids are discussed wherever this is 
appropriate. Throughout this review, a-substituents 
refer to heteruaturn groups on the a-carbon ( ie .  
substituent X in 1). 

Work on compounds that were effectively glycine 

2 Methods for preparing a-substituted a-amino 
acid derivatives 

2.1 Bromination of glycine derivatives 

This is the commonest route to a-substituted amino 
acids, and is normally carried out under free radical 
conditions using N-bromosuccinimide. It gives easy 
access to a-bromoglycine derivatives, for use either 
directly, or after conversion into other a-substituted 
analogues. One of the earliest research groups to 
develop this chemistry was that of Steglich,*~~ for 
which the following transformation is illustrative 
(Scheme 2). 

Other simple, protected glycine derivatives have 
also been brominated using this method and a wide 
range of N-protecting groups is compatible with the 
transformation; for example, ben~oyl,*-~ acetyl,2,3 
bromoace tyI2-? or c hloroace tyl ,s,f' t rifl uoroace tyl, 2.3 

trichloroethoxycarbonyl,2.' and the benzophenone 
imir~e,~ and also Boc as illustrated in Scheme 
2.2.3.8-  I2 The carboxyl function is invariably 
protected as an ester, from the simple (m)ethy12-5,7 
and t-buty12.3-' ' to the chiral menthyl" and 
8-phenylmenthyl groups."-' ' Williams has shown 
that the diketopiperazine derivative of cyclo- 
glycylglycine 6 is brominated under free radical 
conditions to produce the diastereoisomerically pure 
racemic syn dibromide derivative 7 (Scheme 3).13 
Selective bromination at the glycine a-position is 
also possible in cyclu-glycylvaline, and further 
asymmetric transformations are possible under the 
stereocontrol of the isopropyl group.I4 

9 P 

R 
6 

Scheme 3 

R 
7 

As time has progressed, it has become apparent 
that the a-bromination of quite complex glycine 
derivatives can be highly regioselective. The 
extensive investigations of Easton have shown that 
glycine derivatives are brominated at significantly 
faster rates than other residues. Initial work showed 
that in the case of N-benzoyl valine der ivat i~esl~, '~  
the amido-carboxy substituted radical (a-radical) 
was considerably more stable than the tertiary 
radical produced at the p-centre, but that 
subsequent hydrogen abstraction by this radical led 
to mixtures of products being isolated. Lidert and 
Gronowits also reported mixtures of products from 
the bromination of the alanine derivative 8 (Scheme 
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h e  M d  'Br 6H2Br 
0 

Scheme 4 

4a), but, in contrast, Seebach et a1.l' reported 
regiospecific bromination of a cyclic oxazolidinone 
derivative of alanine, (Scheme 4b). 

Easton has put forward evidence15-17 that the 
intermediate a-centered radical produced by H- 
atom abstraction is planar, and therefore there are 
significant non-bonding interactions between the 
amino acid side-chain and the carbonyl group of the 
N-acyl function, and this explains the preferential 
reactivity of glycine derivatives (no side-chain) over 
those of other amino acids. He proposed that cyclic 
amino acid derivatives should be brominated 
selectively at the a-centre and this was duly 
illustrated with the pyroglutamate derivative 9 
(Scheme 5). 

Scheme 5 

The observed preferential cr-bromination of N- 
benzoyl glycine derivatives means that selective 
a-functionalization of the glycyl moiety can be 
achieved in the presence of other residues, for 
example in di- and tri-peptides. l9 Interestingly, 
reactivity can be further modified if the N-terminal 
residue is N-phthaloylated.20'21 This protecting 
group prevents a-bromination of the N-terminal 
residue and directs functionalization away from the 
phthaloylated residue (Scheme 6). 

is again demonstrated in the work of Williams, 
which (most unusually) leads to stereochemically 
pure a-bromoglycine derivatives (Scheme 7).22,2" 
The formation of the bromoglycine derivative 10 
was essentially quantitative and, although NMR 
data were broad and relatively uninformative, single 
crystal X-ray diffraction studies led to an 
unambiguous structural assignment. It is interesting 
that neither of the benzylic positions underwent 
bromination, and that 100% asymmetric induction 
was observed. In further transformations, the 
displacement of bromide was found to take place 
with overall retention of stereochemistry, thereby 
giving access to optically active amino acid 
derivatives - see Section 3. 

The site-specificity of the free radical bromination 

NBS (I  q.), CCl4, hv, A 1 

H 

P h t h N y N V C o 2 M e  
0 

NBS (1 eq.), CCI,, hv, A I 
H 

P h t h N y N Y C o 2 M e  
0 Br 

NBS (1 q.), CCI,, hv, A i 

0 Br 

* YBr NBS (1 eq.), 

PhthN x C02Me PhthN C02Me 
CCI4, hv, A 

Scheme 6 

P h q  NBS, CC14, 

Boc' NJo h v , A  w Boc' ! 

P h q  NBS, CC14, 

Boc' NJo h v , A  w Boc' ! 

Br 
10 

Scheme 7 

There are very few examples of acyclic 
cx-bromoglycine derivatives that are predominantly 
one stereoisomer. However, the 
( - )-8-phenylmenthyl ester of Boc-glycine 11 
undergoes r-bromination with high 
diastereoselectivity when the reaction is carried out 
in reluxing CCl,;" this is perhaps the thermodynamic 
product, since room temperature reaction 
conditions lead to a mixture of stereoisomers.' I As 
in Williams' procedure, further transformations 
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proceed with overall retention of stereochemistry. 
For example, treatment with tributyltin deuteride, 
proceeding via a planar radical intermediate, 
produces the a-deuteroglycine derivative 12 in which 
the auxiliary has controlled the formation of the 
new chiral centre (Scheme 8).8 

BocO 

Ph 

11 

cc'41 hv* * 

1 
BOCO 

12 

Scheme 8 

Although the free radical procedures dominate 
the a-functionalization of glycine derivatives, 
Belok~n'~~'"  has shown how x-brornination of a 
glycine derivative can be achieved using bromine 
and base catalysis. Thus, the homochiral Ni"-Schiff 
base complex 13 derived from (S)-o-(N-benzyl- 
prolyl) aminobenzophenone and glycine reacts with 
bromine to produce a 2: 1 mixture of the x-bromo 
derivative stereoisomers 14/15; these can be 
separated by chromatography (Scheme 9). 

derivatives is an efficient, and often chemoselective 
process, that readily gives access to a-bromoglycine 
derivatives. With suitable auxiliaries, this 
bromination can be stereospecific, but it is invariably 
the auxiliary that controls the stereochemistry of 
further transformations. 

Hence, the direct a-bromination of glycine 

2.2 Direct routes to other a-substituted glycine 
derivatives 

There are surprisingly few routes to a-substituted 
glycine derivatives (other than a-bromo) for which 
the glycine skeleton is intact in the starting material. 
There are, however, examples in which it is inferred 
that an a-bromo intermediate is trapped in situ by a 
suitable nucleophile (see Section 2.4). It would seem 

13 

14 15 
2 1 

Scheme 9 

that free radical halogenation of glycine derivatives 
is not a viable method of a-chlorination; in general, 
a-chloroglycines are obtained by either quenching a 
glycine enol/enolate with a source of 'Cl+', or by 
replacing an a-hydroxy by an a-chloro group (see 
Section 2.4 for examples of the latter). 

Williams23 has made a chloro analogue of the 
chiral glycine cation equivalent shown in Scheme 7 
by treatment of an oxazinone with t-butyl 
hypochlorite (Scheme lo), and again the trans- 
product 16 is formed under the control of the 
auxiliary. 

Cl 
16 

Scheme 10 

It is important to note that on treatment with t- 
butyl hypochlorite and base, glycine derivatives27p3o 
(and those of other amino acids,29p31 including 
f i - l a ~ t a m s ~ ~ ~ ~ ~ )  possessing a free NH do not produce 
a-chloro derivatives as in the case reported above. 
In these examples N-chlorination is observed, but 
subsequent treatment with a suitable base (Scheme 
11)27,28 gives the same intermediate imine that an 
a-chloroglycine derivative would have generated. 

The bis-lactim ether methodology developed by 
Schollkopf for the asymmetric synthesis of amino 
acids usually employs the a-anion of a chiral glycine 
derivative (eg. the anion of 17), but he has extended 
the scope of this chemistry to a glycine a-cation 
equivalent via the a-chloro derivative 18 (Scheme 
12).34,35 Interestingly, the cis-chloro compound 18 is 
produced in this enolate reaction: the authors 
propose that the lithium cation co-ordinates anti- to 
the isopropyl group, so directing the chloro group 
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BU'OCI 
ZHN-CO,Me - ?-CO2Me 

CI 

M ~ O H  
OMe 

MN*CO,Me [ i!NeCO2Me] 

Scheme 11 

OMe 

17 

OMe 

18 

Scheme 12 

syn- to the isopropyl group. Nevertheless, whether 
by a straight SN2 mode or via elimination to an 
iminium ion, subsequent displacement of the 
chloride gives anti-products (see Section 3.1). 

The use of a-unsaturated glycine derivatives is 
also possible. Thus, an a-hydroxy glycine hydantoin 
can be prepared by borohydride reduction of 
triketoimidazolidine (Scheme 13), treatment of 
which with thionyl chloride then gives the useful 
a-chloro derivative 19.36 

HNKNH O w o  - LiBH4 " O H 0  HNyNH - SOCI, "'2-4" HNyNH 

0 0 0 

19 

Scheme 13 

A further example which exploits unsaturation, 
but yields a-haloalanine derivatives, is the addition 
of HX or X2 to protected dehydroalanine (Scheme 
14).37-39 

C02H h X ~ N H A ~  

X C02H 

CI MeOH 

I 
0 Me0 

MeOH 
BzHN NAC02Me - 

H 

57% (81% on consumed 
starting material) 

Scheme 15 

0 

of dipeptides good regiocontrol can be achieved 
(Scheme 15).41 

Finally, degradative procedures have been 
reported, though these are probably of limited 
practical value. Methods falling into this category 
include electrochemical decarb~xylation~~-~" 
(Scheme 16) and chemical oxidative cleavage of 
serine and threonine ~ i d e - c h a i n s ~ ~ - ~ ~  (Scheme 17). 

NHAc NHAc 

HOzCAC02Et -f&+ MeOACOzEt 

Scheme 16 

Scheme 17 

2.3 Routes that do not start from the glycyl 
skeleton 

Most routes to a-hetero-substituted amino acid 
derivatives start with the amino acid skeleton intact. 
Of the routes to such compounds in which this is 
not the case, synthetic work has been dominated by 
the reaction of amides with glyoxylic acid or ester 
(Scheme 18). 

X = CI or Br 

0 0 0 OH 

RlANH2 i- HKC02RZ - R'KNACOzR2 H 
Scheme 14 

Electrochemical methods perhaps have limited 
appeal to many synthetic organic chemists, but they 
can be used very successfully for the direct 
a-derivatization of protected amino acids.40 In cases 

R' = MeO, PhCH201 Phi R2 = MeI Et 

Scheme 18 
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This approach has been extensively studied by 
B e n - I ~ h a i , ~ ~ - ~ ~  and developed subsequently by many 
research This tactic is an excellent 
general way of gaining access to substituted glycine 
derivatives, because of the ease with which the 
a-hydroxy function can be further derivatized (see 
Section 2.4). Amides are usually insufficiently 
nucleophilic to react with carbonyl electrophiles; it 
would seem that unhindered primary amides and 
highly electron-deficient aldehydes are prerequisites 
for the reaction to be successful. Glyoxylate esters 
are rather unstable, and the use of the hemiacetal,62 
although probably proceeding via the same aldehyde 
intermediate, is a useful practical alternative 
(Scheme 19). Alternatively, the equilibrium can be 
influenced by the use of TMS-triflate, forming 
a-silyloxy a-amino acids, and this approach has been 
used to generate a-oxygenated derivatives of amino 
acids other than glycine (i.e. a-alkyl-a-amino 

Me 
1 

Me 
+#yC02M. 

ZHN*CONH2 
+ 

OH 
I 0 OH 

___c 

ZHN 

MeO*co2Me 

Scheme 19 

A similar approach to the method described 
above is particularly effective when fluorine is the 
desired a-heteroatom, since its poor leaving group 
ability confers exceptional stability on 
a-fluoroglycine derivatives. Takeuchi et aZ.64,65 have 
employed ethyl bromofluoroacetate as a key starting 
material; reaction with nitrogen nucleophiles [eg. 
phthalimide, azide, KN(Boc),] can be controlled to 
give only displacement of bromide, allowing rapid 
access to a-fluoroglycine derivatives (Scheme 20). 
Using chiral esters of bromofluoroacetate, it has 
been possible to generate separable (and stable) 
diastereoisomers, which have found applications as 
chiral shift reagents, but the free amine (even in 
protonated form) has proved too unstable for 
detection or i s o l a t i ~ n . ~ ~ . ~ ~  

0 

In an alternative approach to a-fluoroglycine 
derivatives, Bailey et aZ.66 have used 
chlorotrifluoroethene and (S)-a-methylbenzylamine 
to generate a-chlorofluoro- and a-fluoroiodo- 
ethanamide derivatives (e.g. 20). In these cases, not 
only are the diastereoisomers separable, but single 
crystal structure determinations have allowed 
assignment of the absolute stereochemistry at the 
a-centre. Subsequent displacement with nitrogen 
nucleophiles occurs with 85-100% inversion of 
stereochemistry, giving a range of protected 
a-fluoroglycine derivatives (Scheme 21). In the case 
of 21, standard peptide cleavage conditions result in 
the isolation of an a-fluorobetaine, the only 
reported example of a 'free' a-fluorinated a-amino 
acid.67 

0 

phTNJJ@ H 

0 

Me 0 
PhAN% NMe3+ 

H F  
21 

16M HCI, reflux, 48 h 

-0% NMe3+ 

F 

Scheme 21 

2.4 Interconversion of a-substituents 

Either through the anomeric effect, or via an imine/ 
iminium ion intermediate, interconversion of 
heteroatoms a-to nitrogen is an easy process, even 
when the nitrogen is protected. Some of the major 
transformations are illustrated in Table 1. 

N3yC02Et F 

BOe2NYc02Et 
F \  

F 

Scheme 20 
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2.5 Direct routes to the imines RN=CHCO-Y 

Given that a-substituted glycines are usually in 
equilibrium with the corresponding imine, and that 
the imine is often the reactive component in 
subsequent transformations, it is pertinent to 
consider synthetic methods that lead directly to the 
imine. Perhaps the most obvious method is the 



Table 1 Interconversion of x-heteroatom substituted 
glycine derivatives 

Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
CI 
CI 
CI 
CI 
CI 
CI 
SR 
SR 
SR 
SCOR 
OH 
OH 
OH 
O R  
OCOR 
OCOR 

OR 
OAr 
SR 
SAr 
OCOR 
SCOR 
P(O)(OR), 
NR, 
O R  
SR 
SH 
SCOR 
SC(S)OEt 
P(O)tOR), 
O R  
Br 
CI 
O R  
CI 
O R  
SR 
CI 
O R  
SR 

15-17, 19-21,24,84,90 
24 
13, 37, 48, 90, 121 
23, 121 
7, 90 
5,  38 
3, 48, 12.5 
7, 24 
39 
37,38 
38 
5 ,  38 
I22 
48,61 
s 0 
48 
48, so 
39 
36, so, S7-60,62 
50,61 
50 
so, 61 
7 
7, 48, 90 

direct condensation of glyoxylic acid or its ester with 
an amine (Scheme 22). Imine formation is 
reversible, and these highly electrophilic imines can 
be formed only if water is explicitly removed (e.g. 
azeotroping conditions or dehydrating agents).68 

Scheme 22 

In contrast, amides react with glyoxylate to give 
the hydrated product - i.e. the a-hydroxy glycine 
derivatives (Scheme 18).50061 When N-acyl-imines 
are required, a Wittig variation is a neat way to 
overcome this problem (Scheme 23).69 

PPh3 
I1 

"COR' 

R' = Me, OBu', OCH2Ph, OCH2CC13 

+ PhH, A 

702R2 
CHO 

R2 = Me, Et 

"COR1 

Scheme 23 

If the tosyl rather than the carbonyl electron- 
withdrawing group is required on nitrogen, then 
these compounds are readily accessed using the 
procedure of Steglich,2,3 Alb~echt ,~".~ '  or Holmes7' 
(Scheme 24). 

Scheme 24 

Finally, imines of glycine are being increasingly 
exploited as 1 ,3-d ipole~ ,~"-~~ by virtue of the 
equilibrium illustrated in Scheme 25. However, we 
will not discuss this valuable chemistry further in 
this review, as it is dominated by reactions implied 
by the mesomeric tautomer 22 rather than by 23 
(formally an iminium ion 3). 

R k H O  
H2N-C02R1 - R2&NAC02R1 

1 

23 22 

Scheme 25 

3 a-Substituted glycines in synthesis 

The use of a-glycine cations in synthesis has been 
reviewed by Williams,' and the versatility of this 
chemistry is summarized in the next section of this 
review - reactions with carbon nucleophiles, aza- 
Diels-Alder cycloadditions, radical chemistry, 
reductions, Wittig chemistry, and dipolar 
cycloadditions all feature in this rich area of 
chemistry. 

It is worth re-stating the observation that the 
chemistry of a-substituted a-amino acid derivatives 
appears to take place via imine/iminium ion 
intermediates (Scheme 26). 

Scheme 26 

I t  is not clear whether it is the completely free imine 
that is always involved, or whether it is an extremely 
powerful anomeric effect in some cases. 
Nevertheless, asymmetric variations of these 
reactions have proved extremely important for the 
synthesis of optically active compounds. The two 
main types of reaction with wsubstituted glycine 
derivatives are: 

Attack by carbon nucleophiles, to give a-alkyl 

Diels-Alder reactions, to give pipecolic acid 
a-amino acid derivatives. 

derivatives. 
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Some additional reactions are discussed in a final 
section of this review (reductions, eliminations, free 
radical reactions). 

3.1 Reactions with carbon nucleophiles 

3.1 .I Grignard and related organometallic 
nucleophiles 

3.1.1.1 Grignard reagents 

a-Bromo- and Y-chloro-glycine derivatives react with 
Grignard reagents to give a-substituted a-amino 

Two mole equivalents of reagent 
are needed; one to trigger elimination of HX, the 
second to add to the resulting imine at the a-carbon, 
so giving the new amino acid derivative (Scheme 
27). This method has also been used successfully 
with alkenyl Grignards'"."" to give a-vinyl glycine 
derivatives. If the Grignard reagent to be employed 
is valuable, a tertiary amine can be used to form the 
acyl imir~e,~" before addition of just one equivalent 
of the Grignard reagent. 

acids. 1 0 . 1  1.58.76.79 

BocHNYco2But R 

31 -91 Yo 

Scheme 27 

With the 8-phenylmenthyl esters of a-halo 
glycines"." the chiral group controls the face 
selectivity of the addition of the Grignard reagent to 
the acyl-imine, giving diastereoisomeric excesses of 
51-98% in the products (Scheme 28). Careful acid 
hydrolysis" of the esters then gives the optically 
active amino acids, or reduction" yields the amino 
alcohols 24, which can be re-oxidized to the amino 
acids 25. 

--"*Me 

H2N 9 O H  
(i) NBS, CCI,, h H R  

25 
(ii) RMgX, Et,O 

R = Me, Pi, Bu', Ph 

(i) RuC13, NaIO,, 
MeCN, Hfl I (ii) HCI, Etfl 

H R  

24 

Scheme 28 

3.1.1.2 Cuprates 

In an analogous fashion to the organomagnesium 
nucleophiles, the a-halo glycine derivatives also 
react with higher order mixed  prate^.^^^^^^^^^^" 
Williams has shown that the homochiral Ex-bromo- 
oxazinone 26 can be treated with Lewis acid to 
produce the intermediate iminium species, to which 
the cuprate reagent adds from the least-hindered 
face (Scheme 29).22.23 An extensive study of solvent 
and Lewis acid  condition^^^ showed that hard Lewis 
acids and non-polar solvents favour an SN2 mode 
(giving syn products) and soft Lewis acids and polar 
solvents lead to an elimination-addition mode 
(favouring anti-products). 

Br 
26 I 

zN"0 
BU 

Scheme 29 

3.1.1.3 Alkyl zincs and alkyl lithiums 

Examples of displacement reactions of whetero 
substituted glycines with alkyl lithiums are rare. In  
one case,24 decomposition is reported; however, 
butyl-, phenyl-, and methyl-lithium add to N -  
acylimino malonates in good yields.'.3 Reactions of 
x-bromo glycines with alkyl zinc halides are also 
known,12-24,S(I although yields are generally poor. 

3.1.1.4 Tributyltin acetylides 

Tin a ~ e t y l i d e s " ~ - ~ ~  may be used to generate a-alkynyl 
amino acid derivatives (Scheme 30). Subsequent 
deprotection via hydrogenation can be used to 
generate x-alkyl amino acids 27"' whereas dissolving 
metals"' cause reduction of the triple bond to the 
trans-alkene 28. This methodology gives an 
attractive approach to a-vinyl amino acids to 
augment methods using Grignards,'" cuprates,'" or 
am i doal ky 1 at ion of a1 ke nes .s3 

3.1.2 Enolate nucleophiles 

3.1.2.1 Stabilized anions 

x-Halo-glycine derivatives have been treated with a 
range of sodium and potassium enolates, especially 
those of maIonic dieSterS.",24..~4,3(,.'7,(,2.S3.S4 Such 
reactions have been used to make the non-natural 
amino acid 1)-carboxyaspartic acid and its 
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Boc' 
br 

ZnCI, CC14 

RCECSnBu3 
- 

... 
5: 10 

H2, PdCI2, EtOH, 20 / psi.  [:a, NH3, EtOH 

27 28 

Scheme 30 

3.1.2.2 Silyl enol ethers 

x-Bromo-glycines react in the presence of Lewis 
acids and silyl enol ethers to produce P-keto amino 

O'Donnell"l has also performed this 
type of reaction with other x-hetero substituted 
glycines ( e g  a-methoxy and rx-acetoxy glycines). Yet 
again, if Williams' oxazinone template is employed 
as the a-bromo glycine derivative, impressive 
diastereoisomeric excesses are obtained in the final 
product (Scheme 34). 3-22,2-3 

acids. 13.22.23.7') 

*oSiMe2Bu: OEt ZnC12, 

Z' 

\C02Et 
br 

26 

(i) NaCH(CO&')Z, 

( i i )  6M HCI. A 

Y C O , M e  THF, -10°C Scheme 34 
z-N 

0 CI 

3.1.3 Allylsilanes and allylstannanes 

Scheme 31 3.1.3.1 Allyl silanes 

derivatives. This transformation has also been 
achieved with an x-haloglycine containing dipeptide 
(Scheme 31)."2."3 

sodium etiolate of  malonic dialkyl esters has been 
reported using Pd( PPh3)4 catalysis (Scheme 32)."5 
Other enolates react in a similar fashion," as do the 
enols of 1,3-dicarbonyl compounds under acidic 
conditions (Scheme 33).55,7') 

The coupling of x-acetoxy glycines with the 

Ph&=N C02R 
* x NaC H(CO,R), 

OAc Pd(PPh3)4 (at.), 
MeCN, 25°C R02C C02R 

Ph2C=NY C02R 

R = Me, CH2Ph 

Scheme 32 

Allyl silanes react with x-hetero substituted glycines 
in the presence of Lewis acids to produce a-ally1 

tin(iv) chloride (with a-chloroglycines) or boron 
trifluoridc etherate (with x-methoxy glycines) 
generates an intermediate iminium species which 
reacts with allylsilanes to give the x-ally1 amino acids 
in good to excellent yield (Scheme 35). Speckamp 

Speckamp has shown how amino acids. 2 2.7.3 .85.8(1 

M e 0 4  NHC02Me 

X = CI or OMe 
0 

(i) SnC14 or F3B.OEt2 

(ii) P h v S i M e 3  I 5 Ph 

NHC02Me 
0 

0 R3 73% 
Isomer ratio 44 : 56 

Scheme 35 
R, ), H AC02R2 When R3 R3 = OMe = Br then then H+ NEt3, - [ R1'N+C02p] 

Scheme 33 

has extended this chemistry to give access to x-allyl- 

derivative." This use of protected x-chloroglycines 
has been further developed into an asymmetric 

R4 R S ]  alanine derivatives, via the a-trimethylsilyloxy 

R 4 y R 5  version using the N-menthyl chiral auxiliary."" 
0 

RIKN H co2R2 3.1.3.2 Allylstannanes 

-92% yield Like allyl silanes, allyl stannanes react with x-bromo 
glycine derivatives to give ;g,S-unsaturated (x-allyl) 
amino acids, but evidence for the mechanism of 
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these reactions indicates that they proceed via 
radical pathways (see Section 3.3.1).".90 Easton has 
exploited this chemistry via the N,N'-diacetyl 
diketopiperazine of glycylvaline (the absence of NH- 
protons being essential); after introduction of 
bromine at the x position of glycine displacement by 
allylstannane is controlled by the isopropyl group 
(c . j  Schiillkopf chemistry).14 

3.1.4 Other carbon nucleophiles 

3.1.4.1 Alkyl boranes 

O'Donnell has shown" that x-acetoxy glycine 
derivatives can react with alkyl boranes to give 
x-alkylated amino acids. This method can be used to 
generate quite sterically crowded amino acids such 
as x-cyclohexyl (90%) and x-t-butyl (57%) glycines 
in good yield (Scheme 36). 

Ph2CZN-CH -CO2Et * Ph&=N-CH-C02Et 
I I 

OAC R 

Me3C 
0-K+ 

THF, 0°C 

Scheme 36 

3.1.4.2 Friedel-Crafts reactions 

x-Heteroatom substituted glycines can be used 
successfully in Friedel-Crafts type 
reacti"ns23.5 I .sh.Xh.c)2 

such as anisoles, indoles, and furans. Both x-halo- 
23.5 1 .v2 and x-alkoxy-lhydroxy-' '.''M' glycines have 
been employed. Tin tetrachloride is the preferred 
Lewis acid for x-chloro glycines and Schiillkopfs 
bis-lactim ether methodology can be used to 

with electron-rich aromatics 

generate optically active a-aryl amino acids (Scheme 
37)."* Ben-Ishai" has also shown that x-methoxy 
glycine derivatives react in a related fashion with 
alkenes under acid catalysis to produce ix-vinyl 
amino acids. 

3.1.4.3 Alkyl nitronates 

N-Benzoyl x-bromo glycine methyl ester reacts with 
two equivalents of alkyl nitronates in a similar 
elimination/addition sequence to that for Grignard 
reagents.[I3 The {)-nitro functionalized amino acids 
29 can then be modified in a range of interesting 
and useful ways (Scheme 38). 

(i) Bu"L1, THF 

(ii) C13CCC13 
c 

Me0 

R' R2 R3 R4 

(a) OEt H OEt H 
(b) OMe OMe H OMe 
(c) H OMe H H 

(d) OMe H H H 

Scheme 37 

Br ~ 

R'R2CHN02, 
* PhCONOCO2Me 

I 
PhCONHAC02Me base 

R' I? 

(i) HZ, Pd-c 
Y O 2  (ii) HSnBu, 

P j a H  

PhCONH C02Me 
29 

NaN02, HCI, CuCl / 
R2+ci 

PhCONH *C02Me 

R2q,NH2 R' 

PhCONHAC02Me 

Scheme 38 
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3.1.4.4 Enamines 

Steglich's group has reported the reaction of N- 
benzoyl a-bromo glycine menthyl and 
8-phenylmenthyl esters with enamine~.'"."~ The 
reaction with simple enamines proceeds with high 
diastereoselectivity, favouring anti-products, but 
with poor enantioselectivity (27-67%). Adding a 
second auxiliary to the enamine produces excellent 
diastereo- and enantio-selectivity (d.e. and 
e x .  > 99%) (Scheme 39). 

0 Br (ii) (i) a Et3N or b , -100°C flro2R 
(iii) aq. citric acid 

THF 
PhKNAC02R H 

a b 

Scheme 39 

3.2 Diels-Alder reactions 

A 

Despite the obvious appeal of directly accessing the 
piperidine ring system via aza-Diels-Alder 
chemistry, imines have found only limited use as 
dienophile partners in 4 7 ~  + 27~ cycloadditions."5."" 
Extensive work by Grieco and others has indicated 
that imines derived from methanal will usually add 
to reactive dienes in aqueous solution, but that 
more hindered imines, less reactive dienes, or non- 
aqueous solvents often render the reaction 
useless.c)7- ' 03  One problem with imine dienophiles is 
the ease with which alternative reactions can often 
com pe t e with cy cl oadd i t ion. 

However, strongly electron-deficient imines are 
more effective dienophiles, and imines of the type 
R'N=CHC02R7 are therefore potential 
2n-partners in Diels-Alder chemistry. Moreover, 
their inability to tautomerize to the enamine 
reduces some of the potential side-reactions. This 
chemistry is particularly attractive because pipecolic 
acid derivatives can be accessed directly and they 
are a common structural unit  in a wide range of 
important natural products (Scheme 40). 

A' 
X 

Scheme 40 

Accordingly, there are several examples of 
r-hetero-substituted glycine derivatives for which, 
under suitable conditions, the corresponding imine 
can be trapped by a reactive diene."4-10" Non- 
aqueous acidic conditions are the norm, to prevent 
hydrolysis of the iminium dienophile. 

Nevertheless, the range of dienes has been very 
limited and it has been generally believed that aza- 
Diels-Alder reactions with less activated dienes 
require a second electron-withdrawing group on the 
imine; to this end, N-acyl"" (R'CON=CHCO2R2) 
and N-tosy]'"'-I I 2  (TsN=CHC02R2) derivatives 
have been used with considerable success. 

However, Bailey et al. found that N-alkyl imines 
of the type R'N=CHCO,Et are effective 
dienophiles with a range of dienes provided that the 
solvent is carefully chosen - DMF yields the best 
results, with an equivalent of TFA (forming the 
electron-deficient iminium ion) and catalytic water 
being essential additives; yields are typically around 
50% with acyclic dienes and display excellent regio- 
and diastereo-control (Scheme 41)."8 

TFWDMWH20 (a t . )  CH2Ph 

'i (one regioisorner) 
CH2Ph \TFA/DMF/H,O (Cat.) 

kH2Ph 

V V Z "  
I 
CHO 

kH2Ph 

(one regioisomer: 
cis : rrans = 13 : 1) 

Scheme 41 

In the chiral version of this reaction, using N- 
r-methylbenzyl as a chiral auxiliary, high asymmetric 
induction is observed for the 2-substituted dienes, 
and moreover the minor diastereoisomer can be 
removed by chromatography. Thus, after removal of 
the auxiliary, homochiral pipecolic acids derivatives 
can be formed.' 
conditions, Stella et af. j5 . '  '" have also demonstrated 
the success of this auxiliary in this type of reaction. 
In a further development, asymmetric induction of 
>9S% can now be achieved using the double chiral 
auxiliary [ (R)-N-r-methylbenzyl and 
8-phenylmenthyl ester], and the use of 
trifluoroethanol as solvent enhances the yield and 
reproducibility of the cycloaddition.' '' 

In general, the trapping of the imines derived 
from rx-hetero-substituted glycine derivatives is often 
possible using reactive dienes, but more reliable 
procedures use preformed imines in which 
additional electron-withdrawing groups (acyl/tosyl) 
are present, or in which careful choice of conditions 

l 4  Using slightly different 
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favours the cycloadduct over alternative reactions. 
This constitutes a short, general, and efficient route 
to pipecolic acid derivatives. 

3.3 Other reactions 

3.3.1 Radical reactions 

%-Substituted glycine derivatives undergo a wide 
range of free radical reactions.".""'~"'.' '',I I "  x-Bromo 
substituents can be replaced with hydrogen, or more 
usefully deuterium, using tributyltin hydride or 
deuteride.8.S4.')0 With thc 8-phenylmenthyl esters of 
a-bromo glycine,." the reaction proceeds to give the 
deuterated product in 60-70% yield with 
diastereoisomeric excesses greater than 90%.".1'0 A 
similar deuteration procedure has been used to 
generate ct-deutero glycine containing dipeptides 
(Scheme 42).s4 

Bu3SnD 

H 
Bz/'$N COzMe - 

D 
H 

Br 

Scheme 42 

cx-Substituted glycine derivatives also react with 
allyl tin c o m p o ~ n d s ~ ~ ~ ' ~ ~ ~ ~ ' ~  (with AIBN as initiator) 
to give the x-ally1 glycine derivatives in good yield 
(see Section 3.1.3.2). x-Benzoyloxy and x-methoxy 
substituents with allyl tributyl tin"" undergo a similar 
reaction giving x-ally1 glycine in 47 and 31% yield, 
respectively (Scheme 43). Isomers of the glycine 
dimer 30 are also detected in this reaction, 
indicating a free radical mechanism. This dimer can 
be generated as the major product"' by using N -  
benzoyl x-bromo glycine methyl ester and hexabutyl 
di-tin under rigorously dry conditions. In the 
presence of water the ether 31 can be isolated,"".' '' 
and this discovery prompted Easton to make a wide 
range of cross-linked peptides using x-bromo 
glycines and amino acids such as serine, lysine, and 
cysteine, though not via radical pathways. ' "' Routes 

H H 

I A, AIBN 

O K  Ph 
0 S 

Scheme 43 

H 

BzNNhCOZMe H Bz H N ACOzMe 

30 31 

to glycine a-thio-ethers have also been developed by 
Easton, by the reaction of a-bromo glycine 
derivatives with Bu3SnH in the presence of RSSR or 
ArSSAr. 12' Speckamp has accessed the related 
Me02C-NH-CH[SC(S)OEt]-C02Et using standard 
SN2 chemistry, and has utilized this dithiocarbonate 
in some elegant free radical reactions with 
alkenes.122 

3.3.2 Reductions 

Heterogeneous reductions of homochiral a-bromo 
glycine derivatives can be performed using 
palladium-catalysed hydrogenat ion. 12391 24 The 
a-bromo oxazinone of Williams has been reduced in 
the presence of both D2 and T2 to produce optically 
active a - d e ~ t e r o l ~ ~  and ~x-tr i t iol~~ glycine for 
labelling experiments. The optical activity and label 
incorporation were excellent in both cases (Scheme 
44). Reduction of a-bromo glycine derivatives is also 
possible using Bu3SnH, as discussed in Section 3.3.1. 

H D  
8490% atm.D 
7742% e.e. 

02, PdC12 

D20, THF 
Ph-(il. A 40h. 25°C 

0.78 Ci / mmol 

Scheme 44 

3.3.3 Wittig-type reactions 

%-Halo glycine derivatives react with 
trialkylphosphites in an Arbuzov-type reaction to 
yield phosph~nates.~.~.".~", 'I '  In fact, the Horner- 
Wadsworth-Emmons reagent Z-NH- 
CH[P(O)(OMe),]-CO,Et is now commercially 
available; treatment of this with base, to form the 
ylid, followed by addition of an aldehyde gives 
a,/Mehydro amino acids via a short and flexible 
route."" When this method was applied to his 
oxazinone template, Williams showed'15 that a 
single geometric isomer of the alkene 32 was 
produced (Scheme 45). This could be converted 
with high diastereoselectivity into the cyclopropyl 
amino acid derivative 33, in which the auxiliary 
controlled the face of addition of the 
cyclopropanating reagent. 

Another route to a,P-dehydroamino acids is by 
elimination from a-bromo substituted amino acids 
residues other than glycine (e.g. alanine in Scheme 
46).18 The N-chlorination of protected amino acids 
with t-butyl hypochlorite has already been described 
(see Section 2.2),27-31 and, if these are derivatives of 
amino acids other than g l ~ c i n e , ~ ~ - ~ '  the action of 
base first converts the N-chloro compound into the 
imine, which then isomerizes to the a,P-dehydro 
amino acid. 
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I 

Br 
10 

(i) NaH,THF 
(ii) CH3CH0 I 

Ph(Et#)+SO(Me) BF,; ph phG? NaH. DMSO 

B O C ’ Y O  Boc’Ny% 

Me Me 
32 33 

Li’, NH,, EtOH 1 
Scheme 45 

Scheme 46 

3.3.4 Reaction with diazomethane 

When N-acyl a-chloroglycine methyl ester is reacted 
with diazomethane, the imine is initially formed, 
which then reacts with excess diazomethane in a 
[3 + 21 cycloaddition to give the N-acyl triazoline 
34.54 Upon warming, N2 is extruded to give the 
aziridine 35 (Scheme 47), further demonstrating the 
versatility of glycine a-cation equivalents. 

35 

\ 

C02Me 

Scheme 47 

’R 
34 

4 Conclusions 

With a range of reliable routes both to a-substituted 
glycine derivatives and to imino esters, synthetic 
equivalents of the glycine a-cation synthon are 
readily accessible. Moreover, their chemistry is more 
diverse and versatile than might have been imagined 
10 years ago, and they can be converted into a wide 
range of compound classes with (perhaps 
unexpected) site-selectivity and stereo-control. If the 
chemistry of a-substituted a-amino acids can be 
harnessed successfully then such reactions allow 
access to a wide range of amino acids, N- 
heterocycles, and peptides with modified backbones. 
The use of a-substituted peptides for further 
functionalization is exemplified by the work of 
Steglich using a-~hloro-,’~’ a, a-dichloro-,’28 and 
a-acet~xy-glycine’~~ derivatives, whilst Ramage”” 
has indicated the future potential in this area by his 
use of a-methoxy-glycine derivatives in solid-phase 
peptide synthesis. The next stage of development 
will probably focus on ‘a-cations’ of a-amino acids 
other than glycine, and speck am^^^ has already 
demonstrated the potential of such chemistry. 
Moreover, total syntheses exploiting glycine a-cation 
chemistry are becoming widespread, as exemplified 
by Williams’ synthesis of the unusual 
diketopiperazine-derived natural product 
aspirochlorine.”’ It is clear that the chemistry of 
amino acid a-cations already plays a major role in 
synthetic methodology, and it will be developed and 
exploited substantially over the next few years. 
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