
ENANTIOSELECTIVE SYNTHESIS OF NON-PROTEINOGENIC 
AMINO ACIDS VIA METALLATED BIS-LACTIM ETHERS 

OF 2,5-DIKETOPIPERAZINES 

UWcH SCHOLLK~PF 

Institut fbr Grganische Chemie der Universitit, Tammannstrage 293400 GNingen, Federal Republic of Germany 

(Receiued in USA 14 June 19%2) 

Abskact-Bis-la&n ethers 1 of 2,5diketopiperaxines contain a chiraI inducing center, an acidic CH-bond and two 
sites susceptible to hydrolysis. They react with BuLi to give Li compounds of type 4,15,29 or 32, which possess a 
prochiral C atom. They readily add electrophiles (such as alkylating agents or carbonyl compounds) with unusually 
high diastereoface differentiation. In many cases the d.e.-value (d.e. = diastereomeric excess = asymmetric in- 
duction) of the adduct exceeds 95%. Gn hydrolysis the adducts are cleaved liberating the chiral auxiliary (used to 
build up the bis-la&n ether 1) and the target molecules, the optically active amino acid methyl esters of type 
8,19,2S or 36. The two amino acid esters are separable either by fractional distiIlation or (eventually after further 
hydrolysis to amino acids) by chromatography. Transition state models are discussed that could explain the 
exceptionally high asymmetric induction and the predictability of the induced conlIguration. 

Optically active, non-proteinogenic amino acids deserve 
attention because of their documented or potential 
biological activity. Some are valuable pharmaceuticals, 
such as L&pa, (S)-a-Methyldopa, DPenicillamine or 

Kycloserine. Others are components of pharmaceuti- 
cals, for instance Dphenylglycine or D(p-hydroxy- 
phenylglycine) in the semisynthetic penicilhnes Am- 
picillin or Amoxycillin. 

In biochemistry, they are valuable tools to investigate 
the mechanism of enzyme reactions.‘** In fact, enzyme 
inhibition studies with non-proteinogenic amino acids 
have furnished valuable information about the mode of 
action of certain enzymes.“’ 

Obviously, there is a demand for optically active-if 
possible optically pure-uncommon amino acids both for 
pure and applied organic or bioorganic chemistry. Since 
asymmetric synthesis’ is-at least in principle-the 
shortest and most economic way to optically active 
compounds, it is a challenge for the synthetic organic 
chemist, to develop asymmetric syntheses of amino 
acids.’ 

1. Strategy 
Over the past four years OUT group has tried to 

elaborate asymmetric syntheses of uncommon amino 
acids. Our approach is based on heterocyclic chemistry 
and on the following concept. (1) From a racemic lower 
amino acid and a chiral auxiliary an heterocycle is built 
up, that is CH-acidic adjacent to the potential ammo 
group and that contains two sites susceptible to 
hydrolysis. (2) An electrophile is introduced 
diastereoselectively via the anion of the heterocycle. (3) 
Subsequently the heterocycle is cleaved by hydrolysis to 
liberate the chiral auxiliary and the new optically active 
amino acid. 

In this strategy the heterocycle merely serves as a 
vehicle to construct finally an acyclic molecule with the 
proper structure and proper configuration. It makes use 
of the obvious fact, that an heterocyclic intermediate is 
necessarily more rigid than its open chain analog, hence 
a higher degree of asymmetric induction can be 
expected. 
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This paper describes some results achieved with 2,5- 
dimethoxy-3,6_dihydropyrazines 1, the bis-lactim ethers 
of cyclic dipeptides (2,5diketopiperazines). The bold 
arrow points to the acidic hydrogen; the thin arrows 
indicate the two sites susceptible to hydrolysis, where 
the molecule is cleaved after introduction of the elec- 
trophile. De-values (de = diastereomeric excess = 
asymmetric induction) were determined either by ‘H- or 

‘3C-NMR-spectroscopy or by capillary gas chromato- 
graphy. Ee-values (ee = enantiometic. excess) were 
determined mainly by ‘H-NMR-spectroscopy using 
chiral shift reagents. > 95% de or ee was assumed if only 
one stereoisomer is detectable in the NW&spectrum. 
For the sake of simplicity of the NMR-spectra all studies 
were performed with the bis-methoxy lactim ethers al- 
though the bis-ethoxy lactim ethers are cheaper and 
more readily prepared from the 2,5diketopiperazines.J 

2. Enantioselectioe synthesis of a-methyl amino acids 
As a-methyldopa, an antihypertensive drug, proves, 

a-methyl amino acids are of interest in medicinal chem- 
istry. In biochemistry, they are believed to be com- 
petitive inhibitors of those enzymes that metabolize the 
corres onding 
acids. ! 

a-unsubstituted proteinogenic amino 
Moreover, isovaline has been found as a con- 

stituent of antibiotically active peptides.’ 
2.1 Bis-lactim ether la of Cyclo(L-Ala-L-Ala) as 

starting mote& On heating of methyl t&utinate 2 two 
molecules condense to give the diketopiperazine 3 
[cyclo(L-Ala-L-Ala), = 93% enantiomerically pure after 
crystallization from water].’ 3 is converted into the bis- 
methoxy lactim ether la with trimethyloxonium 
tetratluoroborate’. Compound la reacts smoothly with 
BuLi or LDA (THF or Glyme, - 789 to give the lithium 
derivative 4 which contains a resonance stabilized 
diazapentadienyl anion and is regarded as an ion pair. A 
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second metallation at C-3 is prohibited, for this would 
lead to an anti-aromatic 8a-electron system. The Li 
compound 4 reacts with alkyl halides in good chemical 
yields to give the adducts 5. The residue R enters trans to 
the Me group at C-6, i.e. the (3R)-contiguration is in- 
duced at the new chiral center. The asymmetric in- 
duction is generally > 90% CTable lp. 

L-AbOCH3 _ _ H 

Med bie 

2 (major1 z (mmorl 

For halides R-X of the benzyl type, the (3R)- 
configuration of 5 can be derived unambigously from the 
‘H-NMR-spectrum. As depicted in 7 for the minor 
isomer (obtained with benzylbromide) the heterocycle 
has a boat shape and the benzyl residue adopts the 
“folded” conformation, where the aryl ring faces the 
heterocycle. Hence the C-f&Me group suffers an upfield 
shift of 6 - 0.75 ppm (compared to the major isomer 6 or 
to la). 

On hydrolysis (0.25 N HCI, room temp) the adducts 5 
are cleaved to (R)-a-methyl amino acid methyl esters 8 
and methyl L-alaninante 2. Under these conditions prac- 
tically no 2,Sdiketopiperazines are formed. If 8 and 2 
differ sufficiently in bp, the esters can be separated by 
bulb-to-bulb distillation.’ Otherwise they can be 
separated by chromatography, eventually after further 
hydrolysis to the amino acids. The ee-values of the esters 
Petermined by ‘H-NMR-spectroscopy with chiral shift 
reagents’-correspond with the de-values of the adducts 
5. 

,8 9 

t X CH3 H 

The stereochemical outcome of the alkylation 4+S 
can be rationalized by the transition state model 1Oa. 
Here, a planar anion is postulated, of which the diaster- 
eotopic faces are differently shielded (H vs Me). The 
alkyl halide enters predominantly from the “top side” 
affording the (3R)contiguration. The incoming alkyl 
residue presumably adopts the “R’-inside” conformation. 
This brings R’ close to the chiral center, rendering AAG’ 
for the two competing pathways relatively large. The 
“folded” conformation might be stabilized-in case of 
R’ = Aryl or Heteroaryl-by HOMO-LUMP or charge 
transfer- or pole-induced dipole-attraction, in case of 
R’ = Alkyl by Van der Waals nonbonded attraction 
forces. Unclear is the role of the Li atom. Noteworthily, 
another set of experiments-employing the bis-lactim 
ether lc of cyclo(L-Val-Phenylgly)_revealed that the 
nature of the metal cation (M = Li, Na, K) does not 
influence the de-values significantly.* 

&ggCH3 q-2-& 
R 

OMe 

In spite of all shortcomings the model provided a 
valuable working hypothesis. It suggested, that replace- 
ment of the Me group in 1Oa by a sterically more 
demanding group should enhance the diastereoface 
diflerentiation. In fact, this proved to be the case (see 
below). 

2.2 Bis-lactim ether lb of cycle (L-Val-Ala) as starting 
material. “Symmetrical” bis-lactim ethers of type la- 
build up from two identical amino acidsdo have one 
disadvantage, inherent in the system: only half of the 
chiral auxiliary-in this case L-alanine ester 2-is reco- 
vered; the other half is incorporated in the product. This 
disadvantage is avoided by employing “mixed” bis-lac- 
tim ethers, i.e. those, build up from two different amino 
acids. The “mixed” bis-lactim ether lb of cyclo(~-val- 
D,L-ala) is a suitable candidate for the highly enan- 
tioselective synthesis of a-methyl amino acids 9. The 
2,Sdiketopiperazine 14, the precursor of lb, is best pre- 
pared via the Leuch’s anhydride 12 of L-valine-the 
chiral auxiliary-according to the route outlined below 
without comments.9 

The bis-lactim ether lb is metallated by BuLi (THF, 
- 70”) regiospecifically in the alanine part of the molecule 
to give 15. This reacts with alkyl halides with de > 95% 
(cf Table 2) to give the (3R)-adducts 16. These on 
hydrolysis (0.25 N HCl, room temp, eventually for many 
hours) are cleaved to methyl L-) valinate 17 and the (R)-u- 
methyl amino acid esters 8.9 In all cases (cf Table 2) 
their ee-values are > 95%, i.e. they are practically optic- 

Table 1. (3R)-Dihydropyrazines 5 

B b ~~ 21 2-naphthyl- 2-ohinolyl- Cspyridyl- Ally1 FPr =-C8%7 cinnamyl 

ah (%)) 

CH2 CH2 2 

92 95 95 95 92 92 92 91 

a> Chemical Yield 80-92 %. 
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Table 2. (3R)Ghydropyrazines 16 and (R)-amino acid methyl esters 8 from 16 

B ( 3nB)-ip (RI_8 

de (%r) (in EtoE) 00 (%$ 

0 ‘6=gCH2 > 95 

1 (3,4-ocH3)2C6H3CH2 > 95 

E C6H5CHICBCH2 > 95 

_a n-CaH, > 95 

0 CH2-ClICH2 > 95 

2 CENXH2 > 95 

g (cH3)2c-CmH2 > 95 I 

L Bz@CH2CH2 > 95 

I3 tBu02CCH2 > 95 

3 BzCCH2CH2 > 95 

A am=2 >95 

- 2.80 (o-1.0) 

- 0.70 (o-1.1> 

J3.20 (c-1.1) 

-12.90 (010.6) 

+ 2.33 (o-0.4) 

+ 2.08 (0-0.8) 

8) Iktem.4.n.d with ohirml &lit namtm. 

b> With 6 H HCl tranrformad in @)-a-methyl aorF111, optimllg 

9ul.e by rot~tlon. 

ally pure. With Dvaline as chiral auxiliary the (S)-enan- 
tiomers of 8 would be formed. 

The exceptionally high level of diastereoface selection 
in the formation of lbin one case examined, capillary 
GC revealed de 3 989&can best be explained on the 
basis of the transition state model lob with the bulky 
isopropyl group at the “bottom side” of the anion. 

COCI 
L-V01 -0t; _ 2 L-Vu1 -NCA 

D. L-Ala-0CH3 
_- 

!! !1 

L-Val-D.L-Ala-0CH3 4 

IMe BFL BULI 
---w lb _ 

3. On the enantioselectiue synthesis of a-methyl setines 
and a-alkenyl alanines 

3.1 Bis-lactim ether la of cyclo(L-ala-L-ala) as start- 
ing material. The lithiated bis-lactim ether 4 reacts with 
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ketones and aldehydes with rather high diastereoface 
selection to give (after protonation) the adducts 18 (3R)- 
configuration (Table 3) ’ i.e. also the CO group enters 
trans to the Me group at the chiral C-6 center. For 
aromatic ketones and aldehydes the (3R)-configuration 
can be derived from the ‘H-NMR-spectrum. Also in the 
aldol type adducts the aryl ring faces the heterocycle-cf 
6 or 7 for analogy-and consequently in the minor 
(6S,3S)-isomer the C-6-Me group suffers an upfield 
shift.” Expectedly, with unsymmetrically substituted 
ketones or with aldehydes, the CO group enantioface 
selection is poorer than the diastereoface selection at the 
anion. The “induced configuration” at C-3’ (in the major 
(3R)-isomer) is also listed in Table 3.” 

1 R’COR2 

Surprisingly (cj Table 3) the degree of asymmetric 
induction at C-3 does not depend very much on the size 
of the groups R’ or R2 of the carbonyl compound. 
Obviously, the interaction of these groups with the 
heterocyclic anion 15 is not a decisive factor in the 
transition state of the CO addition. The decisive factor 
seems to be the interaction with the CO oxygen, the 
functional atom common to all carbonyl compounds. 
Hence, the transition state has the “oxygen inside” con- 
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Table 3. Aldol-type adducts 18 from 4 

c-3 c-3’ 9) 
4 *de (%> Oonfig. -cl0 (96) Config. 

OH = 6-l B 

&! cn3 c=3 l35b) 770) 

E ‘6=5 ‘6=5 > 95O) 

4 ‘6% ’ IXP) 80”) 52b) B 

8 ‘6% “3 > 95b) 860) 41b) B 

a) Bar the (66,3R)-homera. b) CIl~lnr 91 eelrent. 

0) ‘PBP en eolvent. 

formation, depicted in the models 20 or 21 and 22, 
respectively. In 29 an HOMO(anion)-LUMO(carbony1) 
attraction is supposed to stabilize this conformation, the 
Li cation playing a minor role. In the alternative models 
21 and 22 the chelating power of the Li atom is supposed 
to be the dominating factor. The latter models are based 
on the chair-like transition state models accepted nowa- 
days for the related aldol addition.” Both models-24 
and 2l/22-have practically the same geometry. Accord- 
ing to MO calculations, N-l is the atom with the biggest 
coefficient in the HOMO and at the same time with the 
highest electron density. Hence, in both models the CO 
oxygen can be assumed to be located above N-l. 

?! 21 

P !? 4 

R’ CH3 1Pr 

t- 

1Pr 
f+ Cl-t3 CH3 H 

Models 21 and 22 differ in the configuration at C-3’. 
The preferred formation of the (YR)-isomers with, for 
instance, aldehydes, can be rationalized by comparing 
the magnitude of two nonbonded repulsions, namely the 
diaxial R’ c, OMe interaction in 21 and the gauche 
R3 c, R* interaction in 22. In 21a/22a obviously the latter 
outweighs the former, i.e. 21a, leading to (3’R), 
is of lower energy than 22a. 

On hydrolysis (0.25 N HCI, room temp) the adducts 18 
are cleaved to 17 and (R)-a-methyl serine methyl esters 
19. As discussed elsewhere,” isolation of 19 might be a 
problem, for a-methyl serine esters are rather ther- 
molabile compounds. 

3.2 Bis-la&r ether lb of cyclo(~-oaf-D,L-ala) as 
starring material. Like alkyl halides (cf 2.2), carbonyl 
compounds react with 15 with exceptionally high diast- 
ereoface differentiation. With acetone, acetophenone or 

acetaldehyde, only the (3R)diastereomers of the adducts 
23 are detectable in the ‘H- and ‘3C-NMR-spectrum.‘2 

When treated with thionyl chloridelpyridine the ad- 
ducts 23a,b afford the corresponding olefins 24a,b, which 
on hydrolysis give the a-alkenyl alanine methyl esters 
2Sa,b which are enantiomerically pure by NMR-stan- 
dard.‘* 

4. Enantioselective synthesis of a-unsubstituted amino 
acids 

In general, enantioselective hydrogenation of N-acyl 
a-dehydroamino acids seems to be a promising and 
elegant route to a-unsubstituted amino acidsI 
However, not all dehydroamino acids are readily pre- 
pared and react properly with hydrogen. In each case the 
suitable catalysts and reaction conditions must be 
explored in preliminary studies. Moreover, the method is 
limited to those dehydroamino acids that do not carry 
additional functional groups susceptible to hydro- 
genation. Hence, also in the field of a-unsubstituted 
amino acids efficient stoichiometric asymmetric syn- 
theses are desirable. 
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4.1 Bis-lactim ether lc of cyclo(~-oal-gfy) as starring 
material. The synthesis of cyclo(L-val-gly) 2& the pre- 
cursor of the bis-lactim ether lc follows the pattern 
outlined above for the synthesis of 14.” 

Gly-OCH-j(?fJ ipr t-l 

.‘2 - - L-Vol-Gly-0CH3 - H . . .O 

21 
73 

O ! 

28 

19:. 
8 

IMe BFL BULI 

m- 
gLhe _ 

R-X 
-- !c,- H 

Me0 N” 

?9 

i?r 
H 

‘.. hl, 

v 

@.& t-W*0 FP3 
\ 3 _.-f.j - - - H 

Me0 N -!I + NH2 R 
R 

?O ?! 

Compound lc reacts regioselectively with BuLi in the 
glycine part of the molecule to give 29, which affords 
with alkyl halides the adducts 30 with (3R)-configura- 
tion.‘* The asymmetric inductiondetermined either by 
NMR-spectroscopy on the adducts 30 and/or indirectly 
from the ee-values of 31-is in the range of 75 - > 95%. 
With R groups containing extended r-systems high de- 
values are observed (cf Table 4). For R = benzyl or 
methylnaphthyl the adducts 30 adopt the “folded” con- 
formation-analogs to 6 or 7 (see above). 

A comparison of the results listed in Tables 2 and 4 
indicates, that a Me group at the prochiral anionic center 
in the lithiated heterocycle is beneficial to asymmetric 
induction. With 15 all alkyl halides react with + 95% 
asymmetric induction, but not with 29. 

Hydrolysis of 30 proceeds smoothly (0.25 N HCl, 
room temp) liberating methyl valinate 17 and the (R)-a- 
amino acid methyl esters 31. In most cases, esters 17 and 
31 can be separated by bulb-to-bulb distillation. The 
ee-values of 3ldetermined by ‘H-NMR-spectroscopy 
using chiral shit reagents-are listed in Table 4.14 They 
correspond with the de-values of adducts 30, as far as 
these were determined. Hence, hydrolysis conditions are 
sufficiently mild to avoid significant racemization. 

4.2 Bis-lactim ether Id of cyclo(L-tleu-gly) as starting 
material. As expected from the results with 29, the Li 
derivative 32 of the bis-lactim ether Id of cyclo(L-tleu- 
gly) reacts with alkyl halides with exceptionally high 
diastereoselection (cf Table 5). With exception of methyl 
iodide, only the (3R)diastereomers of 33 are formed. 
The ee-values of the (R)-amino acid esters 31-isolated 
after hydrolysis of 33 followed by separation of methyl 
tertiary leucinate 34-correspond within experimental 
error with the optical purity of the bis-lactim ether 33.” 
The synthesis of Id is analogous to the one of 1~‘~ (see 
above). 

H4H20 
-- 21 ’ t Leu-0CH3 

1k 

Although this system works exceedingly well-in fact, 
it could be the final solution to the problem as far as this 
approach is concerned-, it has one disadvantage. Ter- 
tiary leucine (= tertiary butyl glycine) is not available in 
nature’s chiral pool; it has to be synthesized. There is an 
efficient method for the synthesis of the racemic com- 
pound,‘” but resolution by the conventional method 

3: B 

B Bzl 

+@e (%)') 92 

Table 4. (R)-Amino acid methyl esters 31 from the adducts 30 

P E LI B L 

(3.~OCH3)r 2-naphthyl- c1xlnamy1 PhC=CCH2 CH20Bzl 

CsW342 CH2 

92 92 >95 >95 93 

l > Determinrd with ohiral shift reagente. 

Table 5. (3R~Dihydropyrazines 33 from 32 

33 a b 0 P 8 

B 
CH3 

CH2CSCH2 CH2CBCH Vr15 cH2c02tBu 

no (%I*) w >95 >95 >95 >95 

a) Detarrined indirootlJ via 00 of 22 obtd.tmd after hjdrolymia. 
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(crystallisation of the brucine salt) is very tedious, if 
optically pure material is required.” There is an efficient 
enzymatic resolution which provides practically optically 
pure tertiary leucine,” but the enzyme (a penicillin ami- 
dase) is not available in any laboratory. 

5. Ewttioselectioe synthesis of (R)_serines with bis-loc- 
tim ether lc of cyclo(~-oaf-gly) as starting material. 

As observed with 4 or 15 (see above), carbonyl com- 
pounds add to lithiated his-lactim ethers generally with 
relatively high diastereoface selection. This is also true 
for 29. With, for instance, acetone, acetophenone, isobu- 
tyraldehyde or t-butyldimethylsilyl acetaldehyde only the 
(3)-adducts 35 can be detected either in the ‘H- or ‘?Z- 
NMR-spectrum.‘9 With acetaldehyde or benzaldehyde 
diastereoface selection is somewhat lower but still fairly 
high (cf Table 6). 

J$,X=CH3 
p.x= H 

The CO enantioface selection [for the (R)-diast- 
ereomers] is also listed in Table 6. Contrary to the 
results observed with 4, here the (3’S)-configuration is 
formed predominantly.‘9 Obviously, transition state 22b 
is of lower energy than transition 21b. This is plausible; 
with R2 = hydrogen the gauche interaction R3 c) H is of 
subordinate importance and the R3-OMe repulsion is 
the dominating factor. 

Hydrolysis of the aldol-type adducts 35 occurs 
smoothly (dilute HCl, room temp) liberating methyl L- 
valinate 17 and the (R)-serine methyl esters 36. 
However, hydrolysis might require carefully controlled 
conditions. 

The method has been used, for example, to prepare 
essentially enantiomerically pure (R)-(-)-g-hydroxy- 
valine 37 (R = Me).m Subsequent to hydrolysis of 35a 
the esters 17 and 36 further hydrolyzed to 37 (R = 
Me).20 Earlier, (+)+hydroxyvahne was isolated from 
an antibiotically active peptide and its configuration 
assigned as (Q2’ Since the enantioselective synthesis 

via 29 occurs with predictable configuration and affords 
(RX-)+hydroxyvaline, the synthesis proves, that the 
natural product does indeed have the (S)-configuration. 

The exceptionally high diastereoface differentiation in 
the reaction of 29 with carbonyl compounds can be 
exploited for the synthesis of optically active a-vinyl- 
amino acids. These deserve attention in biochemistry, for 
they possess the structural features required for “suicide 
inhibitors”” of certain (pyridoxal phosphate dependant) 
enzymes. An example is the enantioselective synthesis of 
(R)+-methylene phenylalanine methyl ester 41.= The 
adduct 3Sh when treated with thionyl chforide/2,6_luti- 
dine gives a 80:20_mixture of the “Hoffmann-olefin” 38 
and the “Saytzeffolefin” 39, which on hydrolysis afford 
a mixture of methyl r_-vahnate 17, the keto ester 40, and 
the target molecule 41. The mixture can be readily 
separated and 41 is obtained in enantiomericahy pure 
form (by NMR-standard).23 The racemic compound was 
recently prepared in a fairly lengthy synthesis; no 
resolution was reported.% 

He/H20 8 
02CH3 

- - Ph-FH-C-C02CH3 l H 
-!1 + 

NH2 

CH3 

f? 
F 

fl 

Another example is the synthesis of (R)-(-)-vinyl gly- 
tine 43.= The adduct 3sd is hydrolyzed to liberate 17 and 
42 which can be separated by bulb-to-bulb distillation. 
The ester 42 is subsequently converted= into the target 
molecule 43 which is enantiomerically pure (by NMR- 
standard). 

l&H20 WY 9" 

354 --$- HH_*_;2 - H t t NH2 
XL 

L 
.= 

SMe2tBu 
11 

AZ 

Table 6. Afdol-type adducts 35 from 29 

R2 

o-3 C-3’ 

dO(%> Config. de(%) Config. 

8 OB3 cH3 ,95 u 

9 ‘6% cH3 >9s n z3o 8 

P oH(oH3)2 H >95 n ~85 8 

_a CH$3i.Me2tBu H >95 n 

8 ‘6% H x80 R =I0 8") 

,f CH3 H 9~84 B sz60 9) 

a) For the (3I+lmmor. 
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