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1. Introduction

x-Amino acids are important members of the so-called ‘chiral pool’ commonly found in nature as
the L-forms and have been widely used as versatile building blb&kkitamic acid is the precursor of
pyroglutamic acid, easily prepared by direct dehydrafievhich is also available in both enantiomeric
forms. It can be found as the end group in biologically active peptides such as gonadofr@tun-
thyrotropin-releasintjhormones, in depsipeptides such as didenransl in naturally occurring peptides
and pseudopeptidés.

Pyroglutamic acid 2-oxotetrahydropyrrole-5-carboxylic aktid recognised as an internally protected
glutamic acid. The synthetic applications of pyroglutamic acid as chiral building blocks have been
previously reviewed. It has been used as starting material for natural products, for example (-)-
domoic acid’ the neurotoxin anatoxin& trans-5-butyl-2-heptylpyrrolidine, a major component of the
repellant venom of the arBolenopsis fuga$® (+)-gephyrotoxir® the phenanthroindolizidine alkaloids
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(+)-tylophorine and cryptopleuring,and kainic acid! The well-known chiral auxiliary)-1-amino-2-
methoxymethylpyrrolidine (RAMP) is prepared fro)¢pyroglutamic acid-?

The aim of this review article is to highlight the increasing use of pyroglutamiclaicidhe synthesis
of enantiomerically pure compounds (EPC synthesis) since 1986well as a chiral auxiliary in
asymmetric synthesis. According to the structure of pyroglutamic acid, the different functional group
modifications at the carboxy group and at the ring, as well as the ring opening reactions, will be
considered.

2. Transformations on the carboxylic group

The esterification of pyroglutamic acidakes place during the treatment of glutamic acid with thionyl
chloride in methanol or ethanol followed by basificatiSrRyroglutamic acid can also be esterified under
similar reaction condition&?

For the activation of the carboxylic group, the simplest compound is pyroglutamoyl chindgich
has to be prepared in situ due to its instability. Rigo ediave recently found a more convenient
synthesis by silylation ofl with hexamethyldisilazane (HMDS) to give trimethylsilyl pyroglutamate
followed by reaction with oxalyl chloridé€2(Scheme 1).

07 N7 COH 2. (COCI), 07 N coc

1 2 (100%)
Scheme 1.
Pyroglutamoyl chloridedl-protected by a methoxycarbondd or a trifluoroacetyl grougb are more
stable than compoun@ and can be prepared by reaction of bis(trimethylsilyl)pyroglutandateith
methyl chloroformate or trifluoroacetic anhydride (TFAA) followed by reaction with thionyl or oxalyl
chloride'8® (Scheme 2). All these acyl chlorides can be easily transformed into the corresponding esters
or amides.
1

HMDS exc.

1. MeOCOCI .
X_)\ — e OQCOgSiMes _ VLTFAA //\_>\

07 >N cocl 07 >N"cocl
\ 2. (COCI N 2. SOCI .
COMe (COCh SiMeg 2 COCF3
4a (95%) 3 4b (70%)
Scheme 2.

Another method for the activation dfin amidation reactions is the use of dicyclohexylcarbodiimide
(DCC) and a catalytic amount of 4-(dimethylamino)pyridine (DMAP). This strategy has been used in
the preparation of (+)- and (-)-dihydrokikumycint® and (+)- and (-)-anthelvenc#i? For instance,
the amino acid5— prepared from $)-pyroglutamic acid (see Section 3.4.2) —is coupled with the
aminopyrrol6 to give (-)-dihydrokikumycin BT) in 80% eé’2(Scheme 3).

Direct reaction ofo-phenylenediamine by melting with, or otherN-allylated pyroglutamic acid
derivatives, affords benzimidazolés Methyl N-alkyl pyroglutamates can be transformed into the
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corresponding hydrazides by reaction with hydrazine, which are precursors of oxad@a@@deeme 4).
These racemic heterocyclic derivatives show weak antifungal actfvity.
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8 (45-93%)
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[R%=H]
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[R2 = Me]

Scheme 4.

In the total synthesis of the antitumout )}cephalotoxinamide, the intramolecular Friedel-Crafts
acylation of the acid.O has been carried out with trifluoroacetic anhydride and boron trifluoride ether-
ate under 1,2-dichloroethane reflux to give the corresponding pyrrolobenzazepBthéScheme 5).

On the other hand, ketonek3 have also been prepared by an aluminium trichloride promoted
intramolecular acylation of in situ generated pyroglutamoyl chlorid&s?® prepared fromN,O-
bis(trimethylsilyl)pyroglutamate3) (Scheme 5). This methodology has been applied to the synthesis
of (9-thienof Jindolizinedionesl4 from N-alkylated €)-pyroglutamic acidl2k?! (Scheme 5).

oﬂcoa

12a
HOLC,,
Q
(0]
12b

(75%)

AICl3 %\

3 (65-67%)

4 (65- 70%

1. SOCl,
2. AlClg

Scheme 5.
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(9-3-Methyl-5-(1-methyl-2-pyrrolidinyl)isoxazole (ABT-418), a potent cholinergic channel activator
with important cognitive and anxiolytic activities, has been prepared from compbin@cheme 6).
The addition of acetone oxime dianion to its methyl ester gave a ketone, isolated as the corresponding
isoxazol15, which is transformed into the pyrrolidine ABT-418 by reduction of the carbonyl group (see
Section 3.4.1) antl-methylation.

1. MeOH, SOCl, M HpSO4 D\/Y %
2. LICH,C(NOL)Me | © N o N ) — N )
O NOH O-N Me O-N
15 (70-81%) ABT-418
Scheme 6.

The reduction ofl to pyroglutaminoll16 or 5-(hydroxymethyl)-2-pyrrolidinone is usually carried out
by reduction of the corresponding esters with lithium or sodium borohydride without racemissiiba.
primary alcohol, which is also commercially available, can be transformed into the corresponding halides
(chloride or bromide) by reaction with triphenylphosphine and the appropriate carbon tetrahalide. The
corresponding fluoride or cyanide are obtained from the bromolactam with silver fluoride in acetonitrile
or sodium cyanide impregnated neutral alumina in toluene, respecti’élyne bromo derivative can be
reduced under radical conditions to the methyl laciairwhich gives, after hydrolysis with hydrochloric
acid (4R)-APA 18, a moiety of a bleomycin analogtfe(Scheme 7).

1. SO,Clp, MeOH & 1. CBry, PPhg
(8)-1 HO_ . o
2. NaBHg4 N 2. Bu"3SnH, AIBN
H
16 (69%)
NH
HCI 2
\\m.é}o /k/\COQH
17 (67%) 18 (91%)
Scheme 7.

The former chlorinated derivatives can also be obtained by mesylatioR)ofo( (S)-alcohols 16
with methanesulfonyl chloride in dimethylformamide (DMF). These chlorides react with potassium
phthalimide giving, after final hydrolysis with hydrochloric acid, the correspondRg ¢r (9-4,5-
diaminovaleric acids (DAVALS (Scheme 8).

A)-or (§16 - MeS0CL OMF . NH2-HCI
- or (9)- N
2. Potassium phthalimide COzH
3. HCI
(R)- or (S)-19
Scheme 8.

The corresponding tosyl derivative dB){16 has been transformed into its iodi@® with sodium
iodide under acetonitrile reflux, which is converted in the lactahby hydrogenolysi&*2 (Scheme 9).
Transmetallation with zinc in DMF allows the coupling with propargyl tosylates in the presence of
copper(l) salts affording enantiopure allenic lactats.

The same tosylate intermediate has also been alkylated with an excess of lithidbotgicuprate to
give the corresponding lactagi, which is a precursor of the (-)-indolizidine 209B° (Scheme 10).

The same strategy has also been used in the synthesis of the indolizidine (+)-monomorine figmn the (
tosylate?>¢ However, the alkylation oN-Boc-protected $)-pyroglutaminol tosylate with cytosine gives
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1. TsCl, NEt3 Ha, PtO2
(516 ——— —° . I _— 17
2. Nal, MeCN 0 N MeOH
(67%)
20 (70%)
Scheme 9.

better yields than for the corresponding unprotected derivative. The hydrolysis of the lactam ring with
lithium hydroxide affords the expected4-diamino-2-oxo-1(R)-pyrimidinepentanoic acid.

1150 L e
(S)-16 e 07 N Bu
2. Bu",CulLi H
21 (81%)
Scheme 10.

A similar coupling has also been carried out in the case of the io88lederived from methyl
N-benzylpyroglutamate2@), with vinylmagnesium bromide and dilithium tetrachlorocuprate in order
to prepare the dion®5, a precursor of a peptide mimetic of the thyrotropin-releasing horfnone

(Scheme 11).
07 N7V COMe T Licucl,

2. TsCl DMAP
Bn 3. Nal, Me,CO
22 23 (69%)
o
Bn Bn
24 (66%) 25
Scheme 11.

However, when the pyroglutamic acidNsBoc-protected a different behaviour is observed depending
on the functional group at the alcohol moiety. Thus, for the corresponding mesylate, tosylate or bromide
the reaction with the cuprate 1Gu(CN)Ph fails and a ring opening occurs (see Section 4). Only in the
case of the iodid@6 does the reaction afford the expected prodt{Scheme 12), the difference being
explained by considering the enhanced reactivity of the leaving grGliphe unprotected lactanf0,
28 and29react with the same cuprate giving the expected product in good yields, especially in the case
of the corresponding tosylate, whereas compoB@dives a very low yield of the coupling produgi

(Scheme 12).
LioCu(CN)Phy
R

R
20:X=I;R=H 27: R = Boc (56%)
26 : X=1;R=Boc 31: R=H (80-96%)
28:X=Br;R=H
29:X=TsO;R=H
30: X=MsO;R=H
Scheme 12.

The nucleophilic substitution of iodine by azide in the lactafhis greatly accelerated by adding
catalytic amounts of sodium hydride before addition of the aZ{l€ On the other hand, the mesylate
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derived fromN-(p-methoxybenzyl)pyroglutaminol can be substituted by sodium cyanide in DMF, this

process being considered as a homologation strategy for pyroglutathates.
(9-5-(Hydroxymethyl)pyrrolidonel6 has been transformed into its acetoxy derivative by reaction

with acetic anhydride in pyridité®and used in the synthesis of chiral pyrrolidifegsee Section 3.4.1).

(9-5-Aminomethyl-2-pyrrolidone32, a precursor of §-DAVA 19, has also been prepared in a two-

step synthesis by a Mitsunobu reaction 8f-16 with hydrazoic acid followed by hydrogenation of

the resulting azid® (Scheme 13). The obtained amiB& has been transformed into chiral 1,2,4-

triaminobutanes by ring opening with ammonia (see Section 4) and subsequent Hofmann rearrangement.

1, HNa, PPhg, DEAD
(S)-16 & s oﬂ\,NHz

2. Hp, Pd/C, EtOH H

32 (75%)
Scheme 13.

The protection of both active hydrogen atoms B)-16 can be carried out with benzaldehyde
in the presence of an acid catalyst with azeotropic removal of water affording the bi€dic
acetal 33°! (Scheme 14). This acetal has been widely used in the synthesis of chiral prolines (see
Section 3.4.1) because the primary alcohol serves as a latent carboxylic acid. However, under the same
reaction conditions, racemits gave themesedimer 34.32 The treatment of§)-5-(hydroxymethyl)-2-
pyrrolidinone @6) with 2,2-dimethoxypropane and a catalytic amounp-obluenesulfonic acid affords
the acetonide35, which has been used in the synthesisyefactam analogues of carbapenéins
(Scheme 14).

Ph

[¢] 9
[)W PhCH Me,C(OMe Dﬁ B o
h \
(0] N CHO (S)-16 2C( )2 [e) N gr\[ é

(o] TsOH TsOH le)

PR % e

33 (86%) 35 (65%) 34
Scheme 14.

The preparation of the 5-carbaldehyde derivative is usually carried out by oxidation of the primary
alcoholl2€ The N-benzoylated pyroglutaminol derivativé@$ are oxidised to the corresponding alde-
hydes by means of S@pyridine and condensed with the amine resulting from the reduction of the
nitro group present in the molecule with Raney-Ni giving prodwaatswhich are finally converted into
neothramycins, a family of the antitumoural antibiotics with the pyrrolobenzodiazepine[1,4] stfcture
(Scheme 15).

OH

/ R! N
1 z
R NOz 2 1.S04-Py S\LH
R2 N;j 2. Ra-Ni R2 N
o
o OMe OMe
36 37 (60-75%)

Scheme 15.

N-Boc-protected methyl pyroglutamat88 can be reduced with diisobutylaluminium hydride
(DIBALH) at —-78°C to the corresponding aldehyde, but the carbonyl group of the lactam is also
reduced to the hemiacetal (see Section 3.4). Wittig reaction with phosphoranes followed by oxidation
with pyridinium chlorochromate (PCC) afford$)¢5-alkenyl-2-pyrrolidinone89*® (Scheme 16). The
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corresponding vinyl derivative gives, after hydrolysiS)-4-amino-5-hexenoic acid of}-Vigabatrir®,
a highly selective enzyme inhibitor gfaminobutyric acid transaminase (GABA-T9).

n 1. DIBALH, PhMe W
O™ °"N” "COzMe 2. PhgP=CHR 0"\ R

Boc 3. PCC éoc

38 39 (32-52%)

Scheme 16.

Finally, decarboxylation of pyroglutamic acid has been carried out electrochemically in water or
methanol to give 5-hydroxy or methoxy pyrrolidinon&sBy heating differentN-substituted pyroglu-
tamic acids with a mixture of phosphorus pentoxide and methanesulfonic acid, carbon monoxide evolves
and the intermediate aryl iminium salts react in situ with aromatics to give 5-aryl-2-pyrrolidid®iéss
reaction also takes place with acid chlorides in the presence of aluminium trichloride or tin tetrachloride
and trifluoroacetic acid® Obviously, in all these reactions the chirality of the stereogenic centre is lost.

3. Transformations on the ring
3.1. Alkylation or functionalisation reactions

3.1.1. Atthe nitrogen atom

The acylation of the nitrogen atom can be considered as a protective strategy, methoxycarbonyl,
tert-butoxycarbonyl (Boc) or benzyloxycarbonyl (Cbz) being the most commonly used ¢fétipse
deprotection can be carried out either under acidic conditions or by hydrogenolysis in the last case.
Recently, magnesium methoxide has been reported to be a selective reagent for the deprotbiction of
alkoxycarbonylpyroglutamates in the presence of other carbamate ¢fdups.

N-Acylpyroglutamate esters have shown bactericide and fungicide properties and can be prepared
from the corresponding esters by direct reaction with formic acid, with acetic anhydride and DMAP
as catalyst or with acyl chlorides in the presence of triethylamine or pyrfdifithe best method
is the treatment oN,O-bis(trimethylsilyl)pyroglutamic acid3 with acid chlorides or diketerf&. In
the case of the carbamoylation, better yields are obtained from the unsubstituted pyroglutamic acid
derivatives (toluene, 80°C) rather than starting from hsilyllactam (room temperaturé§. 1-[(N-
Acetyl-N-arylamino)methyl]pyroglutamic acid derivatives can be prepared by using the Mannich re-
action fromN-chloromethylpyroglutamates ard-silyl amides or withN-silylpyroglutamates andi-
chloromethylcarboxamide$. All these studies have been carried out with racemic pyroglutamic acid.

The N-protection of pyroglutamic acid with benZj}lor benzhydryl bromides has been carried out
with N-silyl pyroglutamates better than with the corresponding alkali metal salts because in this case a
complete racemisation takes place. The deprotection can be performed by hydrogenolysis. This protective
strategy allows the carboxylation at theposition and has been applied to the synthesig-cdirboxy+ -
glutamic acid (-Gla)*® (see Section 3.1.4).

N-Allylation of ethyl pyroglutamate4O can be carried out without racemisation and in good yields
using potassium hydroxide under phase transfer catalysis conditions and ultrasound giving compound
41. Subsequent reduction of the ester group with lithium aluminium hydride and iodination of the cor-
responding mesylate yields the iodinated derivadiewhich by treatment with tri-butyltin hydride?®
suffers diastereoselective radical cyclisation to give pyrrolizidin-2-@#5§(Scheme 17).
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o /O\CO R3CH=CR2CHR'Br OX;)\CZO@ 1. LAH
N COE KOH, TBAB R1/K|[R 2. MsCl
3. Nal, Me,CO
40 ((( R3 2
41 (36-78%)

n
1 o2 Bu"3SnH 07 N
R | AIBN : R2
R3 R! Npg3
42 (28-70%) 43 (52-72%)

Scheme 17.

An inverse radical cyclisation to 7-substituted pyrrolizidinones can be carried out with lactams of
the type47, prepared from the vinyl lactam6. This last compound has been synthesised from ethyl
pyroglutamate40 by condensation witm-butanal to give theN-vinyl derivative 44*¢ followed by
successive reduction and Moffat oxidation to yield the aldemf&jevhich after Wittig olefination and
final hydrolysis of the butenyl protecting group, gives the lac#6nThe N-alkylation of compound
46 is performed with ethyl bromoacetate and further reduction to the corresponding alcohol followed
by transformation into the iodidd7, which is finally stereoselectively cyclised and reduced (see
Section 3.4.1) to (-)-heliotridangs8*®-°0 (Scheme 18). Another protection strategy consists of reacting
lactams of the typdO with butanal or phenylacetaldehyde in the presenge-totuenesulfonic acid to
give the correspondintyl-(1-butenyl) orN-(1-styryl) derivatives. In the case of ethyl pyroglutamate, the
N-butenyl derivatived4 can also be deprotected with triethyloxonium tetrafluoroborate.

Pr"CHO OA 1. NaBH4

N~ "CO2Et 072 >N” YCcHO 1. PhgPCHa

40 —— —_—_— B ——
P20s5 N 2. DCC, DMSO N 2. HCI
3. NaOH

44 45 (55%)
ﬂ\/ 1. BrCH,COEt D\/ 1. Bu"3SnH
—_— O N —_— o
0" 'N 2. NaBHy4 2. LAH N7y
H 3. MsCl L
4. Nal
46 (40%) 47 (36%) 48 (70%)
Scheme 18.

TheN-urethane protection of pyroglutamate esters is very important for the differentiation of the car-
bonyl group of the lactam moiety and the carboxylate group present in the molecule, during electrophilic
and nucleophilic attacks. In the case of pyroglutaminol, it is possible td\useethane protection or
acetalisation.

3.1.2. Atthe 2-carbon atom

The 2-alkylation of alkyl pyroglutamates can be carried out by deprotonation at the 2-position with
LHMDS when the nitrogen is unsubstituf8dor benzylate®?® but with subsequent loss of chiral
information. However, the bicyclic derivativel prepared from pyroglutamic acid and pivalaldehyde,
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can be deprotonated and alkylated with benzylic bromides or carbonyl compounds with retention of the
configuratioR* (Scheme 19). This procedure can be considered as an example of self reproduction of
chirality in pyroglutamate8®

X
t B
Bu'CHO O%O 1. LHMDS o&o

TFAA o 2. E* o
51 (40%) 52 (44-57%)
Scheme 19.

In another strategy, saturated bicyclic lactams of the B®are transformed into the corresponding
3,4-didehydro derivatives (see Section 3.1.3) in order to avoid deprotonation at the 4-position. Unsatura-
ted lactanb3,°6 prepared by phenylsulfenylation of the corresponding saturated lactam enolate followed
by thermolysis, undergoes Michael addition to methyl acrylate in the presence of sodium hydride
affording a diastereomeric mixture of produéd (Scheme 20). These compounds can be separated,
and after final hydrogenation and hydrolysis, give the corresponglingbstituted pyroglutaminofs.

T CO,Me —\ .e~_COMe
0" °N O™ °N
.\—O CH2 CHCOQMQ \_O
Ar

Ar
53 54 (58%)

Scheme 20.

The didehydropyroglutaminds5,31->7 derived from the bicyclic oxazolidinoneR]-33 by sequential
methylation and selenenylation at the 4-position (see Section 3.1.4) and final ozonolysis, is transformed
into the key silyloxypyrrole56.58 This compound undergoes an aldol reaction at the 2-position with
isobutyraldehyde at —=78°C in the presence of 2 equivalents of tin tetrachloride to mainly afford the
diastereomeb7, which is an intermediate used in the total synthesis of (+)-lactac§at{Scheme 21).

The influence of the Lewis acid in the Mukaiyama-type aldol reaction of pyE®leith isobutyraldehyde
has been studie?y.

0N TBSOTf

y 0" N —
)—O 2. LDA, PhSeBr )—O 2,6-lutidine
PH 8.03 PH
33 55 (65%)

[\ i
TBSO” "N —-Psrcgo COoH
o -l NHAc
PH
56 (89%) 57 (55%) (+)-lactacystin

Scheme 21.

3.1.3. Atthe 3-carbon atom
For alkylation and functionalisation at the 3-position of the lactam ring it is necessary to use the 3,4-
didehydroderivative of pyroglutaminol. The conjugation of the double bond with the carbonyl group
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activates the 3-position for nucleophilic attacks by carbanions or heteronucleophiles. The reduction of
the carboxylic group is necessary because it avoids the isomerisation of the double bond to the 2,3-
position with consequent racemisation of the stereogenic c&hifae only described cases are the
Michael addition of cuprates and malonate to racemic 3,4-didehydroglutaB@sesstituted at the 2-
position?? prepared from ethyl pyroglutamadé. This addition gives stereoselectively 2,3-disubstituted
pyroglutamate$9 bearing substituents’Rand R in a trans relationship, which after final hydrolysis,

give syn2,3-disubstituted glutamic aciétfs(Scheme 22).

R2
- 1 1
I}\ 1.2 LHMDS, R'Hal ﬂn R2M [XQR
07 N7 YCOLEt 07 N” ~CO.Et 07 N” YCO,Et
H 2. BocO éoc Boc
3.2 LHMDS, (PhS),
40 4.MCPBA, A 58 (15-61%) 59 (21-78%)
Scheme 22.

The most used didehydroderivatives are the silylated alcéh@ind related systems, as well as the
bicyclic compounds2 or related systems. The lacted can be preparédrom N-Boc-L-pyroglutamic
acid 60 by successive reduction of a mixed anhydride, silylation of the obtained alcohol, selenation at
the 4-position and final oxidation in 70% overall yield (Scheme 23). The bicyclic reégeftfthas also
been prepared from compourn@){33°’2by selenation and oxidation with ozone (Scheme 24).

ﬂ 1. CICORE D\/
O” °N CO2H O™ °N oTBS

2. NaBHj4 \
Boc 3. TBSCI Boc
4. LDA, PhSeCl
60 5. O3 61 (70%)
Scheme 23.
OXD,/ 1. LDA, PhSeCl O/(D'/
)_o 2.03 )_o
Ph Ph
33 62 (75%)
Scheme 24.

Michael addition of lithiated benzyl phenyl thioether to ttxf-unsaturated lactarfl gives the
adduct63, which after several steps has been transformed ir88%R 3-benzylglutamic acid, an acyclic
analogue of kainoids, in order to examine its neuroexcitatory adf§cheme 25). The enantiomer of
compoundbl has also been used for the preparation & 8R)-3-benzylglutamic acid.

Ph

‘J\Sph NHZ
PhSCH,Ph \ :
T — - D\/ p— HO.C COH
BULi 07 N \OTBS /\AB:\
Boc
63 (73%)
Scheme 25.

The addition of dialkyl sodiomalonates atadit-butyl lithiophenylthioacetate to the methoxy derivative
64 takes place stereoselectively at 0 and —78°C, respectively (Scheme 26). The thieliaar been
transformed into (8 3R)-2-carboxy-3-pyrrolidineacetic acid, a kainic acid analogue, by desulfurisation,
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reduction of the carbonyl group with borane (see Section 3.4.1) and Jones oxidation to give the
corresponding aciff®

c02R cogau
COgR ~—COLH

o NaCH(CO2R)2 or
O%[;)\,ores (CO2 //\_)\,OTBS /(—)\/OTBS E— [—X

) LiCH(SPh)CO2Bu!
COsMe COgMe COgMe

64 65 (85-91%)

Scheme 26.

A diastereoselective synthesis of tBdactam nucleus of carbapenems starts with the addition of
lithium diethylcuprate to th@©-silylatedN-tosyldidehydropyroglutamind6 to yield compounds7.54 A
similar result is obtained with thid-Boc compound8 giving compounds9® (Scheme 27).

— | : >
X—)\/OTBDPS EtoCulli //\_)\/OTBDPS — OTBDPS
O” °N 0" °N —_—

1 1 N
Ts Ts o H
66 67 (75%)
= Me,Cui [)\/
OQ\/OTBDPS —_— 5 N OTBDPS
Boc Boc
68 69 (84%)
Scheme 27.

The last strategy has been used for the preparatiorRebdclofen, a derivative of the inhibitory
neurotransmitter GABA&? The Michael addition needs an excess of cuprate (5 equivalents) and use of
trimethylsilyl chloride in order to avoid the lactam opening (see Section 4). Comptilisdransformed

after oxidation and Barton decarboxylation, intoydactam, which is hydrolysed toRj-baclofer§®
(Scheme 28).

cl
m—@—m 5 O/ HOLC NH,HCI
r Ny
. g 1. EtgN-HF
CuBr-SMe; OQ\/OTBDPS 2. RuClg, NalOg

' 3. Barton decarboxylation
TMSCI Boc 4. Hydrolysis Cl
70 (66%) (R)-baclofen-HCI
Scheme 28.

Michael adducts derived from compou® related to70 can be transformed into 3-substituted
proline$’ (see Section 3.4.1).

The cuprate derived from homoenolaté has been added to compou@@ providing the adduct2,
which is an intermediate in the synthesis of (-)-kainic &&{@cheme 29).

The enolate resulting from the Michael addition of lithium dimethylcuprate to comp6lihds been
trapped with allyl iodide affording stereoselectively the 3,4-disubstituted pyrogluta@@Sicheme 30),

which is a precursor of the pyroglutamate component of the tetrapyrrole compound of the krill fluorescent
compound F?
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o_ 0O J
C B ,‘.\\x ‘. "‘\\\COZH
0_0 uer /O\,OTBDPS ppe—— D\
66 + — 0 —_—
P MgBr N N”TCOH
Ts
71 72 (71%) (-)-kainic acid
Scheme 29.
N o MeO,C B
1. MeoCuLi-Lil \%\
61 otBs T _— .
2. CH=CHCHl O °N o ’r:J| COoH
Boc
73 (59%)
Scheme 30.

Another way to generate the corresponding enolate is the treatment with LHMDS after the Michael
addition and final trapping with acetone. This procedure has been applied to the stereoselective syn-
thesis of pyrrolidones of the typg6, which are very active as protein kinase C (PKC) moduléfors

(Scheme 31).
J

4-RCgH4MgBr A 1. LHMDS, Me,CO
Cul, TMSCI o N OTBS 2. EtsNSO,NCOMe
Boc 3. DBU
74 (70%)
9 98
o™y OTBS 0N OH
Boc H

75 (78%) 76

Scheme 31.

Recently, a photoinduced addition of methanol to compodfavith benzophenone as photoexcitant,
has been carried out with total regio- and diastereomeric céhtfBtheme 32). The triisopropylsilyl
ether derived from pyroglutaminol gives better yields thantérebutyldimethylsilyl derivative. Com-
pound78 has also been transformed into a fluoromethyl derivative by reaction with diethylaminosulfur
trifluoride (DAST) in 56% yield.

w—OH
MeOH %/\—3\,
OQ\/OTIPS —— 0%\ OTIPS
) PhoCO, hv !
Boc Boc
77 78 (51%)
Scheme 32.

Another unsaturated derivative @)¢pyroglutaminol79,’? prepared from the corresponding saturated
acetal, reacts stereoselectively wilhbenzylhydroxylamine or with benzylamine giving substituted 4-
aminopyrrolidin-2-one80’3 (Scheme 33).
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BnNH,
_ \NHBn
O/Q\/OCH(Me)OEt — — in\/OCH(Me)OEt
COzMe 1. BnNHOH COoMe
79 2.TiClg 80 (44-60%)
Scheme 33.

The bicyclic derivative62°7P also undergoes a highly stereoselective conjugate addition of lithium
dialkylcuprates giving the'ans-adduct81 (Scheme 34) in spite of the absence of an electron withdrawing
group (N-tosyl or N-Boc). Hanessian attributes this behaviour to the increased pyramidalisation of the
nitrogen atom and the unfavourable stereoelectronic alignment of the lone pair as a consequence of the
constrained bicyclic structuré.The deprotonation of compour@l with LDA followed by the addition
of alkyl halides or carbonyl compounds allows the alkylation at the 4-position (see Section 3.1.4) with
excellent stereochemical contrad97%) in product82. The 3,4-dialkylated products have been reduced
to the corresponding pyrrolidines with LAH (see Section 3.4.1). The same authors describe the synthesis
of the C-terminalD-proline residue of an analogue Nfacetylmuramyl dipeptide (MDP) by addition of
lithium diallylcuprate to R)-62, which takes place in 85% yield.

R X, R
D mew LS e S
" DS T O
PH PH PH
(R)-62 81 82 (40-98%)
Scheme 34.

Michael addition of dimethyl malonate to the compour®t§2 followed by subsequent alkylation
with benzyl bromide stereoselectively provides the pro®3ah low yield (Scheme 35)°

COoMe
Bn

»“kcone
1. NaCH(CO,Me
(5r62 2 BnBr( = © N
PH

83 (20%)

Scheme 35.

The addition of enolates derived from 1,3-dicarbonyl compounds and of Reformatsky reagents also
takes place with the more reactiveB-unsaturated lactar@4,’” obtained by reaction of the saturated
lactam33 with ethyl carbonate in the presence of sodium hydride, so the correspdratiisgadducts85
are isolated in good yields and diastereoselectiVii¢Scheme 36). Nitrogen-containing nucleophiles
derived from hydroxylamine and hydrazine also give good yields and diastereoselectivities, producing
after final deprotectiorB-aminopyrrolidinoneg? The ester group can be decarboxylated by means of
tributyltin oxide?” to yield products36 in the case of the amino derivativés.

4-Aminopyrrolidin-2-one derivative37 can be obtained not only by conjugate addition Nf
benzylhydroxylamine but also with benzylamine using th@-unsaturated lactarf2 as the starting
material®8! (Scheme 37). Similar results have been described in the case of the conif@ar{see
Scheme 33).
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R
EtO, EtO2 ‘\\X ‘\\NOBI'\
= Ny (Bu"551:0 &
o 07N O N
\ o

Lo o .
PR PR PR
84 85 (27-73) 86 (61-62%)
Scheme 36.
BnNH, .‘\NHBn
o//\;)H
62 \c.\_ a
1. BANHOH PR
2.TiCls 87 (72-88%)
Scheme 37.

3.1.4. Atthe 4-carbon atom

Lactam enolates are generally generated fiiurethane-protected pyroglutama&&or pyrogluta-
minol derivatives, such &9 or 90 with strong bases at low temperatures. They usually react diastereo-
selectively with different electrophiles giving maintans-4-substituted derivatives (Scheme 38).

LN\ oy
1
07 N CoR! O/L—N}\/OR A0
R2

CO,R? CO,R2
88 89 90
Scheme 38.

Danishefsky et al. have noted that the enolate derived fietbenzyloxycarbonyl)pyroglutamal
reacts with the Bredereck reagemerf-butoxybis(dimethylamino)methane] to give the enam@28?
(Scheme 39). The reactivity of this enamine and its application to the synthesis of 4-substituted glutamic
acid derivatives have been widely studied by Bowler et al. It can be carefully hydrolysed to the aldehyde
93, which reacts in situ with nucleophiles to give heterocyclic derivatives, su@,azlated to §-
glutamic acid through an intramolecular lactam opening (see SecfidiSbheme 39).

NMe,
N\
A Bu'OCH(NMes)» MeOH
(0] N COan (@) f\'l COan pH =5
Cbz Cbz
91 92
OHC
N= Ho_ R
RNHNH, RNH CbzHN i N
0" N "COBn pHos @ R CO2Bn BnO,C N
Cbz Cbz 2
93 94
Scheme 39.

The reduction of the Boc-protected derivat®®, obtained by the same methodology, with DIBALH
in THF gives theexaomethylenepyroglutamat®7. Hydrogenation of both compoundd6 or 97
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affords thecis-4-methylpyroglutamat®8, which can be transformed into$29)-[5,5,54Hs]-leuciné*
(Scheme 40).

NMe;
N\
A BUlOCH(NMey), DIBALH
O™ "N” “CcozBu! O™ °N” TcooBu!
Boc Boc
95 96 (91%)

wz, Pd-C
o o

N Yco,But N” "COzBuU!

Boc Boc

97 (77%) 98 (77-78%)
Scheme 40.

The enol etheB9 derived from an aldehyde of typg#3, prepared from the enamino®®, has been
transformed into different-alanine derivatives substituted at tBecarbon atom with six-membered
heteroaromatic rings. For instance, by reaction of comp®Maith acetamidine hydrochloride the
pyrimidin-4-onel00is obtained, the amino acid form being a glutamate agonist. The amino acid derived
from the guanidine derivativeé01has shown weak glutamate antagonist propéfigdcheme 41). In this
case, an intramolecular lactam opening also takes place (see Section 4), as has been mentioned before in
Scheme 3§32

OMe
N\ CO,But
1. HCI HoNC(Me)=NH-HCI r\f/\r\( 2
t
2. CHoN» O '\Il COQBUt KoCO3, EtOH /kN o NHCO2-Bu
Boc H
99 (60%) 100 (87%)

+
NH,

EtOH CO5%
<H2N)LNH2>2 8

N/\I\‘/002But
| t
HZN)\N o NHCOZBu
H
101 (39%)

Scheme 41.

The aldehyde resulting from the enam®@is reduced by sodium cyanoborohydride to a mixture of
trans andcis alcohols, the former being the precursor 08¢%)-5,5 -dihydroxy[5,52H,]leucine®® The
enaminoned6 reacts with Grignard reagents affording stereoselectivig)yalkylidene derivatived.02,
which can be hydrolysed to give 4-alkylideneglutamic acids, some of them being natural pfdcts.
Catalytic hydrogenation of compound®?2 gives cis-4-alkylpyroglutamatesl03 (Scheme 42), which
can be hydrolysed to @49)-4-alkylglutamic acids and also transformed int&,é%)-4-alkylprolines
(see Section 3.4.P$.89 Compound8 has also been transformed int@S)-5-fluoroleucine’®
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R R
N\
RMgBr Hp
%6 07 N cozBut Pd-C 07N coBu!
Boc Boc
102 (56-78%) 103 (63-99%)
Scheme 42.

Enaminonel05 prepared by reaction of tHe-benzoylpyroglutamat&04 with Bredereck’s reagent,
undergoes nucleophilic vinylic substitution by potassium cyanide at room temperature to give the
cyanomethylene derivativé06 (Scheme 43). This compound reacts with different dipoles such as
diazomethane, 2,4,6-trimethoxybenzonitrile oxide or benzonitrile imines with low stereoselectivity (see
Section 3.3).

NMe; CN
N\ N\
A BUu'OCH(NMey), KCN
0™ "N” “coMe O °N” CooMe pon O N TCOMe
COPh COPh COPh
104 105 (74%) 106 (73%)
Scheme 43.

The alkylation of lithium enolates derived from differeNtprotected pyroglutamates was initially
studied by Baldwin et al. finding good yields for the aldol reaction, but only benzyl bromide reacts afford-
ing the correspondingrans-4-benzylated pyroglutamafé.Ezquerra et al® obtain good yields in the
alkylation with activated halides (benzylic and allylic bromides, ethyl bromoacetate and iodoacetonitrile).
The 4-alkylated derivatives08are obtained mainly or exclusively, in the case of benzylic derivatives, as
the correspondingrans-diastereomers (Scheme 44). The benzylated pyroglutamates can be isomerised
to thecis-diastereomers by treatment with potassium cyanide in DMF at room temperature.

R2 R2
//\_)\ 1. LHMDS [)\ .
O™ "N~ “CcOo,R! 5 O™ "N” “COsR! 0" °N” “CO,R!
' 2. R<X ) h
Boc Boc Boc
95:R' = Bu! 108 (36-75%)
107 : R' = Et
Scheme 44.

Charrier et aP* have again recently studied this alkylation process with comp®@&nend found
that methyl iodide or triflate give a 5:tisitrans ratio in 67 or 75% vyield, respectively. Moreover,
tert-butyl bromoacetate also gi¥sa 4:1 cistrans ratio in 70% vyield, whereas Langlois and Rd&fas
obtained a ca. 1:3 ratio and 82% vyield for beniAmethoxycarbonyl pyroglutamate. Charrier et al.
proposed thatrans alkylation takes place with \&8-type electrophiles, whereag&type electrophiles
give the thermodynamically less stalies products. The use of 2,6-tirt-butylphenol as the bulky
proton source in order to quench these reactions yields the correspanisiiigstereomers as the only
reaction product&?

Double dialkylation at the 4-position has been carried out with compa0iddising the same electro-
phile or by alkylation of 4-monosubstituted pyroglutamdt@8 In the last case, high diastereoselectivity
can be achieved when bulky electrophiles (benzylic or cinnamyl) arég@cheme 45).
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R! R
1) 2,,,)
R h 2 LHMDS 107 1. LHMDS, R'X R b\
O™ "N” "COzEt 2 R1X 2. LHMDS, R2X 0 N CO,Et
B‘oc Boc
109 (50-89%) 110 (41-81%)
Scheme 45.

The 4-methylene derivativekl2and 113 related to compoun@7 (see Scheme 40), can be prepared
by mond” or dialkylatior?® of the lactam enolates with the Eschenmoser salt. In the first®¢dke,
Mannich base is submitted to a Cope elimination and in the secontf thsenethylation affords a retro-
Mannich type reactiod (Scheme 46). The produdtl2 has been hydrolysé® to the natural product
4-methylene:-glutamic acid which is ten times more active thaiglutamate for NMDA receptor®
The cyclopropanation of compourid 2 with diazomethane catalysed by palladium(ll) acetate provides
compoundl114 (Scheme 46), which by hydrolysis gives the cyclopropyl anal®fjoé4-methylene:--
glutamic acid. This methano derivative is twice as potent-gkitamate as a depolarising agéht.

+
D\ 1. 2 LHMDS, 2 [CHo=NMey]* I h
o

l\ll CO2R 2. Mel (0] [\Il CO,Et
Boc 3. NaHCO3 Boc
107 : R=Et 112(46%)
111:R=Bn
1. LHMDS, [CHo=NMeo]* I CH2No
2. MCPBA Pd(OAc)2
O>—r\|1_>\C028n oﬁp‘coza
Boc Boc
113 114 (82%)

Scheme 46.

Another alkylation strategy is the thio-Claisen rearrangement on the thiopyroglutafiit@lt reacts
with allylic or propargylic bromides yieldings-alkyl thioimminium salts, which on treatment with
triethylamine, give the thiopyroglutamat&$6in low diastereoselectivif© (Scheme 47).

R R,
S N7 YCOMe 2. EtgN §7 N7 TCOMe T STUNTTCOMe
Bn Bn Bn
115 116 (66-78%)
Scheme 47.

Aldehydes react with pyroglutamate lactam enolates, as previously mentioned, in low to good
yields?2191 The addition of boron trifluoride etherate also promotes the aldol reaction with ketones
affording productsl17 as a mixture of diastereomers in better yields (Scheme 48). The mesylations
of the corresponding alcohols at room temperature furnish 4-alkylidenepyroglutabi@eshich are
hydrogenated, as in the case of compodf@ (see Scheme 42), to give 4-substituted pyroglutamates
119 They have been hydrolysed to the corresponding 4-alkylated glutamic acids or reduced to prolines
(see Section 3.4.1?
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Eth CO,Et Pto2 coga

2. R'R2CO, BF3.OEtp CO,Et

117 (61 -83%) 118 (36-84%) 119 (68-93%)
Scheme 48.

Aldols 121, related to compoundkl7, obtained in a 3:1ranscis ratio from120, can be separated and
directly transformed intais- or trans-4-alkylpyroglutamatesi22 by hydrogenolysi¥® (Scheme 49).
However, when the titanium trichloroenolates are allowed to react with carbonyl compounds, exclusive
formation oftrans-aldol adductsl24in good yields is observétt (Scheme 50).

Ar
OH

Dol
Ar 1. Chromatographic 0" "N” "COBu
D\ 1. LHMDS separation Cbz

0" N COBu' "5 ArcHO O" N COBu! 2. Hy, Pd-C
Cbz Cbz Ar

120 121 — OQ\COQBU
Cbz
122
Scheme 49.
3
Ho>'T
. R4 “,
/(_)\ 1. TiCly, ProNEt A
07 "N7TCOR? 5 Rapaco 07 N7 YC0o,R?
COAR! COZR!
95:R'=R2=Bu! 124

123 :R'=Me, R2= Et
Scheme 50.

Compound125 obtained by reaction of the enolate derived fradv with p-chlorobenzaldehyde
followed by hydrogenation, has been transformed into diffecesd-benzylic derivatived26 by cross-
coupling Stille reaction with organostannatfgScheme 51).

Br R1
R'SnR?%;
Pd(PPhg),
0 N COoEt (0] N CO5Et
Boc éoc
125 126 (37-70%)
Scheme 51.

Activated imines react with lactam enolates derived from pyroglutamic esters providing two diastereo-
meric transproducts. In the case dfi-tosylbenzalimine, when the reaction is carried out at —78°C
compound127 is obtained in a 4:1 ratio. However, when the reaction is allowed to warm to room
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temperature, the benzylidene derivati#8is isolated, which can also be obtained when compdiiti
is treated with one equivalent of LHMDS at —78°C and warmed up to room tempéef&t(8eheme 52).
NHTs

Ph”*

O™ "N” "CO2Bn

LHMDS Boc
127
PhCH=NTSs

(@] N COQBI"I LHMDS

Boc LHMDS -78 t0 20°C
111 Ph
PhCH=NTs N

-78 to 20°C

O” N CO2Bn
Boc

128

Scheme 52.

Benzyl chloroformate is also a good electrophile in order to introduce the carboxylic functionality
at they-position of pyroglutamates. Produt?9 has been obtained using this procedure (Scheme 53),
being transformed intoSj-y-carboxyglutamic acid (Gla) (see Section 4), a constituent of prothrombin
and other protein&’

BHOQC
LDA - .
PhCH,0COCI 07 N7 YCcoBut
B‘OC
129 (52%)
Scheme 53.

N-Alkylpyroglutamates130 (see Section 3.1.1) react with phosgene to formdhkehloroenamines
131, which react further to produce the 4-carboxylated compodB@sAlcoholysis of these compounds
give estersl33 precursors of -Gla™ (Scheme 54).

cico

07 "N” TCOpR® CI” N CO4R3 cI” N7 YCoLR3
CHR'R? CHR'R? CHR'R2
130 131 132

——— L-Gla

07 "N” YCOsR3
CHR'R?
133 (73-86%)
Scheme 54.

The lactam monoenolate derived frodilll can be stereoselectively oxidised with 2-tosyl-3-
phenyloxaziridine to givérans-4-hydroxypyroglutamaté34 (Scheme 55), from which (=)-bulgecinine
is synthesise® (see Section 4). Avent et al. used compourdd for the preparation of the fluoride
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135 by reaction with diethylaminosulfur trifluoride (DAST), which after hydrolysis giveS43)-4-
fluoroglutamic acié®® (Scheme 55).
HO,

11 LHMDS I}\ R (-)-bulgecinine
(@] N CO.Bn

o)
Ph/L NTs Boc

134 (61%)

DAST

F
OJD\COan Hozc/'\/\COQH

Boc
135 (40%)
Scheme 55.

The use of pyroglutaminol derivatives of general strucB8and90for the alkylation or functionalisa-
tion of the 4-position in pyroglutamates is a longer route than the useppbtected pyroglutamates, such
as88 (see Scheme 38). Obviously, it is necessary to reduce the carboxylate group to the corresponding
alcohol, which has to be finally oxidised again to the acid. ThH-acetal33 was initially used by
Thottathill et al. for the generation of lactam enolates, which are alkylated with 3-bromocyclohexene
to give compoundl36 with a diastereoselectivity >95% (Scheme 56). The alkylation with bromo
or iodocyclohexane failed. Compoud@6 has been transformed intans-4-cyclohexylt -proline (see
Section 3.4.1), an intermediate for the synthesis of fosenopril.

LDA 33 LDA
07N e O N"
PH PR

136 (100%) 137 (25-74%)

Scheme 56.

Baldwin et al’® have studied the reaction of the enolate derived from comp@3ndith benzylic
bromides, aromatic aldehydes, phenylselenyl bromide and dimethyl oxalate to give prb8ueis a
mixture of diastereomers, the major one being titaas derivative (Scheme 56). The phenylselenyl
derivative has been transformed by ozonolysis into the didehydro compe2ir{dee Scheme 24,
Section 3.1.3). The methylation has been carried out with methyl iodide to afford a 5:1 raistrains
or endaexo diastereomers in 90% yield® With other electrophiles, such as benzyl or allyl bromides,
the corresponding ratio is 1:2 or 1:1, respectively. Kinetidoselectivity in the alkylation of the enolate
derived from compouna®3 is preferred when the steric demand of the electrophile is small.DFhe
pryroglutamic derivativeR)-33 has been methylated and transformed into the arh8®& which is the
C29-C32 fragment of calyculit® (Scheme 57).

Moloney et al’” have studied the alkylation 08)-33, after deprotonation with LDA, as well as the
acylation with diethyl carbonate or methyl benzoate in the presence of sodium hydride under toluene
reflux. Acylated product$40, obtained as a mixture of diastereomers, have been alkylated in the presence
of sodium hydride with alkyl halides, phenylselenyl bromide and benzaldehyde giving mairdxdhe
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1. 1. CBry, PPh .
(R)-33 % X_) _OH el L BocNH/k/k’(NHZ ——  calyculins
.Ts K

07 N7 ™ 2. Bu"sSnH, AIBN o
H 3. Boc,O
138 (70%) 4. MesAl 139 (58%)
Scheme 57.

adductsl41 They can be transformed into 4,4-disubstituted pyroglutamibd®and by decarboxylation

into trans-4-substituted acetals37 (Scheme 58). In the case of the phenylselenyl derivative, it has been
converted into the dehydro derivati@d, after oxidation with hydrogen peroxide (see Scheme 36). In the
case of benzaldehyde, a ca. 1:1:1 mixture of diastereomers are obtained in 91% vyield.

R'O
NaH
(+)-33 2 0™ °N
(Et0),CO or

o
PhCO,Me PR

140 (70-83%)

NaH
R2X
R'oC R2
R’ZOC R2
R j_/\ TFA 1. NaOH
OH e} N ——F 0 N
0" "N o 2.A 0
H PH PH
142 (25-86%) 141 (33-94%) 137 (41-67%)
Scheme 58.

The correspondingl,O-acetal derived fronp-methoxybenzaldehyde has been used by Nagasaka and
Imai®®® for the functionalisation at the 4-position of pyroglutaminol with methyl iodide, oxaziridines
and diphenyl disulfide as electrophiles. The methylation occurs in a similar way as for compound
33119 whereas the hydroxylation affords a 1:1 mixture of hydroxy derivatives as well as the reaction
with diphenyl disulfide. The last mixture of isometg3 has also been deprotonated with LDA, or
better with KHMDS, and allowed to react with methyl iodide, methyl bromoacetate or methyl acrylate
giving a mixture of isomers, which are transformed into the corresponding didehydro derivatives
144 by oxidation with MCPBA and final heating. Compourdd3 has also been converted into the
didehydropyroglutaminol acetalel5(Scheme 59).

R PhS,

N RX or A~ M N =
o CO Me L J _1-AcoH Lo

« 2. MCPBA 2,Ac0,Py  O" N

3.4 3. MCPBA Ac

MeO MeO 4. A
144 (20-60%) 143 145 (45%)
Scheme 59.

The amino group has been introduced at the 4-position of acet85ithy reaction with potassium
tert-butoxide anch-butyl nitrite followed by hydrogenolysis and carbamate protection affording the car-
bamatel46exclusively. Product46has been transformed into the iodit47, which after deprotonation
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has been coupled with 2-phenylsulfinyl maleate to giwelactam analogue t@-lactam antibacterial
agentg3111(Scheme 60).

BocHN
BocHN
- 1. KOBU', BU"ONO 1. AcOH ¢
2. Hy, Pd-C 07 N 2. MsCl, EtzN o N [
H

3. Boc,O o 3. Nal
)

146 (31% 147 (44%)

Scheme 60.

N-Boc-protected pyroglutamindl48 gives, by deprotonation with LDA and alkylation of the corres-
ponding enolate with allyl or benzyl bromide, alkylated produbd® in a 15:1transcis molar ratio,
which have been transformed intoS2R)-4-substituted.-glutamic acid$'? (Scheme 61). Compounds
149give, by a tandem selenation—oxidation process dehydro derivafb@zsvhich after hydrogenation
afford cissisomersl149. Final hydrolysis and oxidation leads t0§2S)-4-substituted glutamic acids. The
enolate152 from the homologougert-butyldiphenylsilyl derivativel51 has been methylated to give
the intermediatel53 as a 6:1transcis mixture of isomers. The selenation of this anib®?2 followed
by oxidation affords compoun@8, whereas the oxidation with MoOPH provides the alcoh&4°°
(Scheme 62). The reaction of the enantiomerl62 with benzyl chloroformate provides the corres-
ponding acylated product in 93% yiéld and by reaction with carbon dioxide yields the corresponding
carboxylic acid, which has been used in the synthesis of iricinal A, a related manzamine &lk4kxd
Section 3.3).

R’

y R' NH
m\,oms _LbA A/OTBS — A
S R'er . O7°N HO,C™ ""COzH
Boc Boc
148 149 (56-66%)
1. LDA, PhSeCl
2. Ho0o
R2
2 . :
o N oTBS Pa-C cis-149 HOQC/k/\COQH
Boc (51-67%)
150
Scheme 61.

The aldol reaction of the enolate derived from compoudddas been used in the synthesis of PKC
modulators76’° (see Scheme 31, Section 3.1.3). The oxidation of the sodium enolate derived from
compounds7 (see Scheme 27) has been carried out with 2-(phenylsulfonyl)-3-phenyloxaziridine to give
stereoselectively compourid5 (Scheme 63), a precursor of a carbapefém.

In the synthesis of a 5-substituted-2-formylpyrrolidine derivathé®, the keyp-ring of quinocar-
cin, the pyroglutaminol derivativd56 reacts with the Bredereck reagent to give the enamiride
(Scheme 64). This compound is transformed into the alchB8la precursor of compourtb9t1® (see
Section 3.4.2).

Good diastereoselection has been found in the alkylation of enolates derived Nrom
benzylpyroglutaminol160 with different halides providing mainlyrans products161 (Scheme 65).
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LDA /D\/ Mel &
O/(N_)\/OTBDPS Lo~ \OTBDPS 02\ OTBDPS

Boc Bloc BIOC
151 1. PhSeCl 152 MoOPH 153 (72%)
2. H205
HO,
O/Q\/OTBDPS o /(D\/OTBDPS
Boc BIOC
68 (90%) 154 (57%)
Scheme 62.
St HO_ Et
0P OTBDPS o o™y OTBDPS
Ts oh _AL-NSO,Ph s
67 155 (72%)
Scheme 63.
NMeo

N\
Bu'OCH(NMey),

1. HCI
. 07N OBn

—_—

) 2. NaBH4CN
Boc Boc
156 157
OH (l)MOM
Boc Boc
158 (71%) 159

Scheme 64.

When alkyl iodides are used as electrophiles, alkylation at the benzylic position relative to the nitrogen
atom is also observeld®

RZ,

[>\,0R’ LDA [)Vow
o N R2X 0 '\.‘
Bn Bn
160 161
Scheme 65.

3.2. Dihydroxylation reactions on didehydropyroglutamic acid derivatives

3,4-Didehydropyroglutaminol derivatives are the appropriate systems for carrying out dihydroxylation
reactions. The most important application of this reaction is the synthesis of polyhydroxylated alka-
loids such as trihydroxypyrrolidines, which are potengalactosidase ar-glucosidase inhibitors, and
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indolizidines. Ikota et al}’ have applied this strategy for the synthesis of many natural products. For
instance, methoxymethylpyroglutamin@b2 gives, afterN-benzylation (see Section 3.1.1) followed
by a selenenylation—deselenenylation procedure, the unsaturated la88rmis-Dihydroxylation of
compoundL63with a catalytic amount of osmium tetroxide aNemethylmorpholineN-oxide (NMO) in
aqueous acetone affords stereoselectively theldidl which has been transformed into 3,4-dihydroxy-
2-hydroxymethylpyrrolidinel65 after epimerisation of the hydroxy group at the 4-position and final
reduction of the corresponding carbonyl grétip(Scheme 66). The MOM-protected compoub@i3
gives better diastereomeric excess than the correspolgnzyl systeni!®

1. BnBr, NaH - OsOy cat.
OoOMOM —4mM8M ——» OMOM —_—
0" N O” °N

N 2. LDA, PhSeBr \ NMO
3. Ho0o Bn

162 163 (53%)

HO,  OH HOZ_SQ\H/
OX:IK/OMOM —_— N OH
Bn
164 (65%) 165
Scheme 66.

For the synthesis of (-)-&pi- and (+)-1,8-diepiswainsonine, compounti66'’ is reduced to the
pyrrolidine 167 (see Section 3.4.1). Swern oxidation and reaction with lithium diallylcuprate mainly
yields the producfi68 which has been transformed into (+)-1,8egirswainsoninel70 (Scheme 67).
The epimer of compound68 has been transformed into (-)episwainsonine using the same
methodology:1%:120

BnO, OBn BnO, )\OBn
164 1. BnBr, NaH by 1. BH3-SMep Z_)VOH 1. (COCl),, DMSO
—_— OMOM —— -
2. NaOMe 0" N 2. HCl N 2. (CH2=CHCH>),CulLi
Bn Bn
166 (55%) 167 (78%)
BnQ, OBn
OH 1. BnBr, NaH 1. MsCl
N 2. BHz-SMe; 2. Hp, Pd-C
Bn 3. HyO5
168 (53%) 169 170 (43%)

Scheme 67.

The dibenzyl-protected didehydroglutamind¥l has been dihydroxylated to give the compound
172 This product has been transformed into the lactai® by reduction with sodium in liquid
ammonia. Product73is converted into (R,39)-3-hydroxy-2-hydroxymethylpyrrolidind74 as well as
the Geisman—Waiss lactod@5'?! (Scheme 68).

The (R)-pyroglutaminol derivativel76'?2 has been used for the synthesis of compouid, a
precursor of (83S49)-4-amino-2,3-dihydroxyhexanedioic acid, a component of the gastroprotective
substance Al-77-B22 cis-Hydroxylation of compound.76 gives 177, as a single diastereomer, which
has also been transformed into the polyhydroxylated pyrrolizidine alkaloids 1 gfe-diexine (lepk
australine), 1,7,7a-&pialexine, lepialexine and 1,7-depi-alexine (Scheme 69%*
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o?(p
OXD\/OBn 1. 0sOy cat., NMO OQ\/OBn
) 2. Me,C(OM \
Bn e2C(OMe), Bn
171 Na 172
NHg
OH
%OH 0//\:>\/OH N
Bn
174 173 (67%) 175
Scheme 68.
HO, OH
. Q/ o _0sOscat ol—,\,_Sw,/OTf 1. MeoC(OMe),
\ NMO \ 2. HCI, MeOH
Boc Boc 3. Bu"4P, CCly, KCN
176 177 (88%)
o>(o HO
o
Lo = ey
O '\nl //CN <
Boc HzN
178 (14%) 179
Scheme 69.

The O-silyl derivative 68 has been osmylated giving thes-diol 180 as a single diastereonfer
(Scheme 70). In a similar proceshl-p-methoxybenzylo-methyl-didehydropyroglutaminoll81 is
hydroxylated followed by acetonide formation affording the prodiB2also as a single diastereortér
(Scheme 70). Compound82 has been used in the synthesis oR@ER4R)-2,3-dihydroxy-4-
dimethylamino-5-methoxypentanoic acid, the antipode fragment of calyddfins.

HO, OH
R 050, cat E\/OTBDPS
o™y OTBDPS MO 07N
Boc Boc
68 180 (57%)
QXQ
O/Q\/OMG 1. OsOy4 cat., NMO D\/OMe
| 2. MezC(OMe)g (@) [}]
MPM MEM
181 182 (67%)
Scheme 70.

The bicyclic unsaturated lacta6® derived fromb-pyroglutaminol has been stereoselectively osmy-
lated on the less hindered side to give the correspondingl1@diin 96.8% d.e2’P126 (Scheme 71).
Compoundl183 has been transformed into the pyroglutamifi8¥ by successive protection of the diol
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moiety and deprotection of tHe¢,O-acetal. The primary alcohol is converted into a nitrile, whichNay
Boc-deprotection of the lactam and final ring opening gives compd@adwhich is, as in the case of
compoundl79, also a precursor of the hydroxyamino acid moiety of Al-7#2B.

HO, OH
/<=>‘ Os0Oy cat. If 1. Me,C(OMe),
" °'N" NMO 0" °N" ™ 2. NyHg, Pd-C
P P
Ph Ph
(R)-62 183 (65%)

> X
i_ﬁ 1. BU"sP, CCl,, KCN 37
N O 2 Boc,0 HO.C CN

3. LiOH NHBoc
(93%) 185 (46%)
Scheme 71.

The epoxidation of$)-62 has been carried out with lithiutert-butylhydroperoxide giving chromato-
graphically separable epoxid@86in an 87:13 diastereomer ratté’ The major diastereomdi86b has
been transformed by reduction with LAH into the pyrrolidine castanabiid| a natural product isolated
from Castanospermum australelydrolysis and reduction (see Section 3.4.1) of this epoxyladidéip
affords the trihydroxylated proline 1,4-dideoxy-1,4-iminearabinitol (L6528 (Scheme 72).

OH
1. TFA :
| 2. Ac,0 QVOH
o o 3. LAH N
174 (46%)
‘ .
(962 U o’@\ + OQ\
PH PR
186a (46%) 186b HO ‘x\OH
1.TFA, A Z—BV
2. Aco,0 N OH
3. LAH H
165 (32%)
Scheme 72.

At the same time, Herdeis et & found better diastereoselectivity in the epoxidation step by using
tert-butyl hydroperoxide under PTC conditions in DMF with potassium carbonate as base and tetra-
butylammonium fluoride as catalyst. The epoxi&6b is obtained in 65% yield and characterised by
X-ray diffraction analysis. The reduction has been carried out with aluminium amalgam affording the
product187, which has been transformed into castanodittand (Z53S)-3-hydroxyprolinel88 found
in naturally occurring peptides, namely mucrornintelomycin and in bovine Achilles tendon collagéh
(Scheme 73). The epoxide6b has also been reduced to proline (see Section 3.4.1) and converted into
3,4-epoxyproline and aziridinoproliré€?
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OH
\ OH
t X \
(5)-62 Bu'OOH 1 Al-Hg 07 N
KZCOS, TBAF EtOH \_O N COQH
(65%) PR H
187 (79%) 188
174
Scheme 73.

3.3. Cycloaddition reactions on didehydropyroglutamic acid derivatives

The 3,4-didehydroglutamat&90 prepared from the sulfoxid&89 via the phenylthio derivative of
ethyl (§-N-Boc-pyroglutamatel 07 is treated with cyclopentadiene to give tiedeadduct191in 50%
e.e. due to the rapid racemisation of the intermedi®€° (Scheme 74). When the same reaction is
carried out with théN-unprotected derivative, trexaadductl93 resulting from an isomerisation of 3,4-
to 2,3-didehydropyroglutamati9?2, is exclusively obtained (Scheme 74).

0
PhS D
1. LHMDS, (PhS), Zl

2. MCPBA 07 "N~ YCO.Et PhMe, A 0”7 "N~ TCO.Et
éoc Boc
189 (72%) 190

1. TFA
2. D , PhMe, A
AN

CO,Et
/ H
NBoc

ﬂbl
EtO,C™ "N
H

07 N7 TCOgEt
o) H g
193 (48%) 192 191 (43%)
Scheme 74.

1,3-Dipolar cycloaddition reactions at te&ocyclic carbon—carbon double bond on the nitfi@6>
(see Scheme 43) with diazomethane or 2,4,6-trimethoxybenzonitrile oxide afford the corresponding
adducts194 or 195 respectively. However, in the case of 2,4,6-trimethoxybenzonitrile oxide in the
presence of triethylamine di-phenylbenzonitrile antl-phenyl-4-chlorobenzonitrile imines the addition
to products196-198 takes place at the 3,4-position of pyroglutamate with racemisation, due to the
isomerisation of the double bond to the 3,4-position of the pyroglutamate (Scheme 75).

In the case of didehydropyroglutaminol derivatives, cyclopropanation, Diels—Alder, 1,3-dipolar
and [2+2] photolytic reactions have been studied. Cyclopropanation of com@@uhds been car-
ried out with diazomethane catalysed by palladium(ll) acetate by Ohfune %t gielding quan-
titatively the expected product in a 9:1 isomeric ratio, the major isof83 being transformed
into 2-(carboxycyclopropyl)glycineL¢CCG-IIl) 200, a potent inhibitor of glutamate transporte¥s
(Scheme 76). Bicyclic lactamS3 and 201 have been cyclopropanated with Corey’s ylide to give
products202in a highly stereoselective manf&f (Scheme 76). When substituted ylides derived from
sulfonium salts are used in the cyclopropanation of compdaihdr 62, compounds203 or 204 are
obtained as a mixture afynanti diastereomers. Chromatographic separation of these isomers works
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COPh COPh
EtO,C N_ O CHaNp EtOo N_ O
CN ——= =
N, N
N CN OMe
194 (95%)

ArC(Cl)=N-NHPh
EtzN
COPh CIIOPh
COPh EtO,Ca EtO2Ca_N._O
Ca N § Z CN
EtOo OCN OMe L
s - ~\ /O
N N
Ph” N Ph
MeO OMe

197 (47%) 198 (36%) 196 (58%)

Scheme 75.

better for compoun@04, which can be transformed into 3,4-cyclopropyl substituted prol@&s>? (see
Section 3.4.1) (Scheme 77).

N

4 HoN
CHuoN Z
4, ﬂ\/OTBS - . HOLC COxH
Pd(OAC); 07N — )V(
Boc H H
199 (100%) 200
R R =
+ -
02;)} Me,SOCH, 02:)5
o o
MeO MeO/O
53:R=H 202 (75-81%)

201: R =Me
Scheme 76.

Several dienes react with the unsaturated lact8@{$ and 84°72 77 affording Diels—Alder cyclo-
adducts. For instance, produ@66 are obtained in the case of 2,3-dimethylbutadiene resulting from
an exoattack!’” On the other hand, thM-x-diphenylnitrone dipole gives a mixture of diastereomers
2077 (Scheme 78). The activated endBwis more reactive due to the additional electron withdrawing
ester substitueniN-Methyl andN-benzyl nitrones react with the bicyclic lacta#f to give cycloadducts
of the typel87. In the case of acetak9’? and208 a mixture of regioisomerd09and210in an 8:1-10:1
ratio is formed, respectively* (Scheme 79).

A [2+2] photoaddition of unsaturated lactat and ethylene in acetone has been recently described.
This lactam gives the addu@12 with better diastereoselectivity (91%) than the bicyclic lactam
211,135 which affords compoun@13in 75% d.e'3® (Scheme 80). These reactions proceed smoothly
at the less hindere@-face. The major isomeR12 has been transformed into §3'S2'S)-2-(2-
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R! R2?
%

N

R,SCRIR2 —
61 2 ﬂ\/oms
o N
Boc \
R! R2
Y

203 (100%)

R1 2
VR
+— & Boc
R,SCR'R2 & //H
205
07N
Lo
PR
204 (60-89%)
Scheme 77.
Ph
)\K R _ Ph 'Ijh Ph N‘o
R H ~ Mo R H
PhMe, A o" N PhMe, A
0" 'N & ~—0 & N
Lo PH o
a 62:R=H PR
206 (72-%) 84 : R = CO,Et 207 (71-96%)
Scheme 78.
- R? R2
(0] | U
I__)\, Rz’rﬁ\ ’/N\Q Q-'N\-:
07 NSRS [}VOCHM et /[_)\/OCHM OEt
CouR" o N (Me)OEt o N (Me)
70 :R' = Me COR'! CO,R!
208: R' = Bu! 209 (59-70%) 210
Scheme 79.

carboxycyclobutyl)glycine CBG-111214 a homologue of CCG-I1R0031:132 which shows a weak
activity on group Il metabotropic glutamate receptors (mGIuR?2) of rat brain.

CHp=CH, H H
61 oTBS
hv, Me>CO O”°N

fx CHo=CH, § " 214
0" °N 07N
%O hv, Me>CO \ g

211 213 (76%)

Scheme 80.
Anintramolecular Diels—Alder reaction of 4,5-didehydropyroglutamRiBis the key step in the total
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synthesis of ircinal A and related manzamine alkaldids:}4 By reduction of the carbonyl group (see
Section 3.4.1) of the acid15 obtained by carboxylation of pyroglutamind¥?1 followed by reaction

with oxalyl chloride, the corresponding acyl chlori@é6 is obtained. It reacts with the amir#d7 to

give the amide218 which is coupled with vinyl trin-butylstannane giving a dien2l9. Finally, the
corresponding Diels—Alder reaction takes place spontaneously giving solely the intermediate product
22014 (Scheme 81).

COoH cocl
1. NaBH
17 — TBDPSO\/(X — 4 TBDPSO\/(X A
N“To  2.(CoC, N
Boc Boc
215 216 (84%)
o o]
COMe
\ ,\ll/\/\( 2 /\SnBung NW\
TBDPSO g Br ————— | TBDPSO VoA COMe | 7]
N Pd(PPha)4 N 2
Boc Boc
218 (79%) 219
COzMe
H Br
N
TBDPSO._~_~_ -
N\/\/\COZMe R

217
OTBDPS

220 (68%)

Scheme 81.

3.4. Transformations on the carbonyl group of the lactam

3.4.1. Reduction reactions

The total reduction of pyroglutamates is a useful strategy for the preparation of proline and its
analogues. Borane achieves the reduction of unprotected as weHBas-protected pyroglutamates
in a one-step process. Compoul®l* (see Scheme 6, Section 2) has been transformed into ABT-418
in 59% yield by reduction with borane in THF followed by reaction with formaldehyde in formic acid.
4-Alkylated pyroglutamates such as compo22d® or 1037-8°13/(see Scheme 42, Section 3.1.4) have
been reduced with the borane—dimethyl sulfide complex to give the corresponding pP@iws223
respectively (Scheme 82).

Stepwise methods can also be used for the preparation of prolines. In the case of co2ihinel
reduction has been carried out with DIBALH to give the correspondirigydroxycarbamate (86%),
which is converted into its methoxy derivative (76%) and finally reduced with sodium cyanoborohydride
in acetic acid to give the expected protected proline (9%4). other cases, such as the aminomethyl
derivative224,°" obtained by reaction of the corresponding enolate with Eschenmoser salt, the hydroxy-
carbamate can be reduced to compof@88 which is finally transformed intaSj-4-methyleneprolinate
226 by a tandem Cope elimination—deprotection (Scheme 83).

The two-step reduction can also be carried out with lithium triethylborohydride followed by reduction
of the hemiaminal intermediate with triethylsilane and boron trifluoride ethétéfehis methodology
has been widely used for the synthesistiains-4-substituteé?? and 4,4-disubstituted prolin€8.4-
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Bu'02G, HOLC,,
ﬂ 1. BH3-SMe, y
o N” TCO2Bn 2. HCI H COzH
COzMe 3. A
221 222 (36%)
Hh 1. BHg-SMe; R/n
07 N7 COBu! 2. Hg' N7 COLH
Boc 3. /\ H
103 223 (53-66%)
Scheme 82.
MeoN MesN
h 1. DIBALH h 1. MCPBA h
o N7 ¥COzBn 2. NaBHaCN, N~ YCO,Bn 2.A N~ YCO5Bn
Boc AcOH Boc 3. TFA H
224 225 226
Scheme 83.

Substituted pyroglutamatesans-108t3 (see Scheme 44, Section 3.1.4) and 4-dialkylpyroglutamates
110P% (see Scheme 45, Section 3.1.4) have been transformed in good yields into the corresponding
prolines. Thecis-4-benzylproline228 has been prepared from ethylBoc-pyroglutamatel07 by an

aldol reaction with benzaldehyde followed by mesylation and elimination to give the corresponding 4-
benzylidenepyroglutamate, which after hydrogenation affordsithgerivative227. Final reduction with

lithium diethylborohydride and triethylsilane allows the preparation of the protected pg&iiBevhich

has been used for the synthesis of éirallokainoid229(Scheme 84). Starting from thieins-benzylated
pyroglutamate?27, the expected enantiomer of compowfis also prepareédf 140

Bn, Bn Bn ~—CO2H
107 1. LHMDS b\ 1. LiEtsBH n n
2. PhCHO O7 N7 Y COEL 2. EtsSiH, N7 YCOEt — H CO.H
3. MsCl, EtzN : BF3-OEty :
4. Hy, PO, Boc Boc
227 (35%) 228 (84%) 229
Scheme 84.

Deprotected pyroglutamates can also be transformed into their thioamides with Lawesson’s reagent
followed by reduction with nickel boride. As an example, the prolin284 is obtained from the
corresponding pyroglutama&80following this methodolog}®® (Scheme 85).

Bn Bn,

l_)\ 1. Lawesson 2—3\
o N CO,BU! 2. NaBHg, NiClp N COzBut
230 231 (34%)
Scheme 85.

O-Protected pyroglutaminols can be reduced to 2-(hydroxymethyl)pyrrolidines by the
borane—dimethyl sulfide complex independently of the substitution at the nitrogen atom. Further
oxidation of the hydroxymethyl group also allows the preparation of prolines. Ikota et al. have
applied this reduction to the synthesis of (-)-swainsoHihand its derivatives®-120(see Scheme 67,
Section 3.2). 1,4-Dideoxy-1,4-iminp-arabinitol (L65) is prepared from compourtb6 (via compound
144, Scheme 67) by reduction with diborane and final deprotettio(Scheme 86). Castanodiol
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hydrochloride 174 and the Geisman—-Waiss lactod&5 are obtained from compouni73?! (see
Scheme 68, Section 3.2) by reaction with borane followed by hydrogeh&ti(@cheme 86).

BnO_  OBn HO_  OH
0N\ OMOM 2. HCI N -OH
Bn 3. Hy, Pd-C H
166 165 (60%)
OH OH

\ 1. BH3-SMe )
O™°N 2. Ho, Pd-C N
Bn
173 174 (82%)
Scheme 86.

N-Methoxycarbonylpyroglutamino232%3 obtained from compouné4 (see Scheme 26), has also
been transformed by reduction with the borane—dimethyl sulfide complex followed by deprotection and
oxidation into (& 3R)-2-carboxy-3-pyrrolidine acetic acid (CPAR33) (Scheme 87). &39)-3-Methyl-
and 3-phenylproline have also been obtained following a similar methodology, by a reduction—oxidation
sequence from compourt® (see Scheme 27) and the corresponding phenyl derivative, respeéfively.

~—COBU! ~—COH
I}\/OTBS _ 1.BHySMez &
07N 2. TFA N” "COH
COsMe 3. Jones
4. KOH
232 233 (47%)
Scheme 87.

In the case of the 4-methylpyroglutaminol derivatR@4, deprotection of the Boc group followed by
reduction with borane affords the pyrrolidi@85° (Scheme 88).

Ob\/OTBDPs LT \Z_)\/OTBDPS
N 2. BHy SMe, N

! H
Boc

234 235 (55%)
Scheme 88.

trans-4-Alkyl substitutedL-prolines have also been obtained by reduction with lithium aluminium
hydride of O,N-acetals derived from pyroglutaminols alkylated at the 4-positicans-4-Cyclohexyl-
L-proline 237, an intermediate for the preparation of certain ACE inhibitors, has been prepared from
compoundl136 (see Scheme 56, Section 3.1.4) by reduction with lithium aluminium hydride to the
pyrrolidine 236 followed by several transformatiots(Scheme 89).

Hanessian et al. have prepared the prolir8 which is theDd-propyl moiety of an analogue of
N-acetylmuramyl dipeptide, from compou288, obtained by conjugate addition to the compouR} (
62 (see Scheme 34, Section 3.1.4), by reduction with lithium aluminium hydride and silylation of the
resulting alcohol to give the pyrrolidir@39,® the precursor of the final produ2#0 (Scheme 90).

3,4-Disubstituted derivative82 (see Scheme 34, Section 3.1.3) have also been reduced with lithium
aluminium hydride to allrans «,,y-substituted pyrrolidine&?
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- OV 1. Hp, Pd-C /—/\
O7™N N OH 2. CbzCl u COLH

o ! 3. Jones
Bn
Ph 4. Hp, Pd-C
136 236 (100%) 237 (78%)
Scheme 89.
P
l—f\/ 1. LAH (f\/ - COMe
o AR L ., OTBS
N7 2. TBSCI N~ N~ “COo,Me
)_ 0 Bn A
P 07 ~OCH,CCly
238 239 (77%) 240
Scheme 90.

In the preparation of polyhydroxylated pyrrolidiné5'%® and 174’ the reduction of the carbonyl
group is carried out with lithium aluminium hydride starting from the epoxiiéb*?’ (see Scheme 72,
Section 3.2). Compoun87 (see Scheme 37, Section 3.1.3) is also reduced quantitatively with lithium
aluminium hydride to the corresponditgtbenzylpyrrolidine®! 3,4-Cyclopropylproline05are prepa-
red from compound204 (see Scheme 77, Section 3.3) by reduction of the carbonyl group with lithium
aluminium hydride and further oxidation of the hydroxymethyl grégh.

Borane—dimethyl sulfide can also be used for the reduction of the carbonyl group of bicyclic lactams
derived from pyroglutaminol. Herdeis et al. have synthesised prolines oflf§gpand 188 from the 3-
hydroxy derivativel86a(see Scheme 73, Section 3.2). In the reduction of the epd88bwith borane
in THF the amide and the acetal groups are reduced to yieldthenzyl epoxyprolinol, which has been
used to prepare differentprolines afteN-Boc-protectioh®® (Scheme 91).

o, o,
A 1. BHg-THF O\/OH
07N 2. Hyp, Pd-C N
Lo 3. BocyO Boc
PR
186b 241 (39%)
Scheme 91.

3.4.2. Alkylation reactions

Partial reduction of the lactam carbonyl group in pyroglutamates affords the corresponding hemi-
aminals242 precursors oN-acyliminium ions (Scheme 92). The correspondgnethyl aminals can
be alternatively obtained by anodic methoxylatithit4?of proline. Wistrand et at*3 have reported that
the alkylation with alkylcopper reagents occurs with a high degreteao selectivity. In the case of
compounds242, they can react with nucleophiles usually in the presence of Brgnsted or Lewis acids
to give the corresponding 5-substituted prolina2d8 which can also be transformed into important
enantiomerically pure 2,5-disubstituted pyrrolidifés.

Corey et al*®> have prepared the pyrrolidin247, a catalyst for the enantioselective addition of
dialkylzinc reagents to aldehydes, starting from the pyroglutar®éde The reduction of the carbonyl
group with DIBALH followed by reaction with methanol affords the compo@4d, which reacts with
trimethylsilyl cyanide in the presence of tin(IV) chloride to give a mixture of diastereocisomers. The
cis-nitrile 246is further transformed into compour2d 7 (Scheme 93).
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OA _1.DIBALH Q TMSCN
N™ "COEt =5 Neon, TsoH  MeO™ "N” TCORE SnCls
CO,Et CosEt
244 245 (89%)
L\ 1. Hp, Raney NI, CHO Ph
NC N~ "COoEt 2. PhMgBr H
CO,Et 3. KOH OH
246 (62%) 247 (70%)
Scheme 93.

The same strategy has been used for the synthesi§682yrrolidine-2,5-dicarboxylic aci@50,146
the epimer of a natural marine product isolated from the red @gagymenia dubyi’ and also for the
preparation of the phosphonic amino acifsl and 252,148 conformationally constrained analogues of
(R)-2-amino-7-phosphonoheptanoic acid (AP?YScheme 94).

OJ\_)\ 1. DIBALH JJO\

N™ "COBn =5 eOH, TsOH NC™ "N” 7COBn
COzMe 3. TMSCN, SnCl4 CO,Me
248 249 (77%)

HCI

7 N\
COLH HOzC’?\% POgH, Hogc’lp\ﬁ POgHs

250 (86%) 251 252

Hozc““&

N
H

Scheme 94.

In the synthesis of an intermediate of the antitumour antibiotic quinochttithe amide253 is
combined with Bredereck's reagent and, after hydrolysis to the corresponding aldehyde followed by
reduction and protection, gives the prod264. The lactam is then reduced with RedAl, and after reaction
with methanol, the methoxy derivativ@b5 is transformed into the silyl enol eth@56, which is the
nucleophile for theN-acyliminium intermediat@57. The final cyclisation gives the produ2b8as a 2:1
epimeric mixture (Scheme 95).

The lactam group in pyroglutamate407 and 227 can also be reduced with lithium
triethylborohydridé3® and transformed into the amina®59. The reaction of compound259 with
organocopper reagents, generated in situ from Grignard reagents and the copper(l) bromide—dimethyl
sulfide complex, in the presence of boron trifluoride etherate gives the corresponding prdid@tes
with a high degree ofrans diastereoselectivity! (85-97% d.e.) (Scheme 96). The stereochemistry
is probably controlled by the formation of @-complex between the organocopper reagent, the
N-acyliminium cation and the carbonyl group of the ester.
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Scheme 96.

The addition of carbo- and hetero-nucleophiles to pyroglutamates takes place with ring opening (see
Section 4). However, trialkylaluminiums add to the carbonyl group of the lactam to yield alkylated
hemiaminals261 2,6-Lutidine—borane reduction affords 5-substituted prolin@&sas a mixture of
cistransisomers in 1:1 to 3:1 molar ratio. However, catalytic hydrogenation of compdéitsver 5%

Pt—C in trifluoroacetic acid provides only the correspondirggdiastereomer262in high yield and d.e.
(90-98%%°2 (Scheme 97).

3
ﬂ R33A| R >O\ Ha, P-C /&
o N CO,R2 HO” N Y CO,R2 R37 N7 YCO,R?

1 51 — 51
R R or QBHG R
R'=H, CO.R 261 (29-92%) 262 (71-98%)

Scheme 97.

Hemiaminals 263 obtained quantitatively by lithium triethylborohydride reduction of
pyroglutamated®® undergo tandem Horner/Wadsworth/Emmons—Michael reaction with stabilised
phosphonates giving mainlyrans-prolinates 265'°3 (Scheme 98). The best diastereoselectivity is
obtained with the corresponding acetyl derivative (EWG=MeCO) and potassium hydride as the base.
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The intermediacy of the unsaturated aminoeg&#thas been demonstrated Hy NMR analysis of the
crude reaction mixture, when the process is performed at 0°C for 1 h.
EWG \O\

H& EWGCH,PO3Et, ﬂ
HO™ N COR EWG HN”YC0,R

NaH or KH N” "COR
Boc Boc Boc
263 (99%) 264 265 (46-88%)
Scheme 98.

The partial reduction of the lactam carbonyl group in pyroglutaminol derivatives has also been used for
the preparation of 2,5-disubstituted pyrrolidines. The lac2&®has been reduced with DIBALH to the
hemiaminal267, which reacts with the sodium enolate df8B-(methylenedioxy)phenyl methyl ketone
(268 providing the compoun@69as acis/transmixture of diastereomers. Thgs-product269has been
transformed into antihypertensive pyrrolidiag0>* (Scheme 99).

ONa

o]
sen
(¢) E [3\/ fo) (268)
O/C\'l)\/ \ro t DIBALH HO™ N OTOEt
COoMe

COMe
266 267 (80%)
(@]
<o:©/u\/<N_>\/OTOEt . <o ” Ph
o CO,Me o) OH
269 (70%) 270
Scheme 99.

Compound?271, obtained by reaction of compou2é7with methanol ang-toluenesulfonic acid, has
been coupled with trimethylsilyl cyanide in the presence of tin tetrachloride to give a 8&6@%ns
mixture of the corresponding nitrilé¥2 The correspondingansisomer has been transformed into the
diacid 250, a marine natural produdf (Scheme 100). This diastereoselectivity is the opposite of that in
the case of the pyroglutamate derivat®49, when thecis-isomer is the major orté® (see Scheme 94).

267 ——— ~ \1c0 N OH "~~~ _ NC N OH 7> _ HOLC™ u COH

TsOH ) SnCly ) 2. HCI
COsMe CO,Me (o)
271 (98%) 272 (89%) 3. L\ 250 (68%)
Scheme 100.

The nitrile275has been prepared as a 31di@transdiastereomeric mixture by: (a) direct reduction of
the pyroglutamat&8 with DIBALH to give the diol273 (b) treatment of this compound with methanol
and p-toluenesulfonic acid; (c) benzylation with benzyl bromide to yield the anf7d] and (d) final
reaction with trimethylsilyl cyanideé® (Scheme 101). On the other hand, the nitéis has also been
prepared in a 27:78is:transratio by reduction of the lactatb8(see Scheme 64, Section 3.1.4) followed
by cyanation. Treatment of compou@@6 with DIBALH yields the aldehydel59 (Scheme 101). Both
mentioned nitrileR75and276 are key fragments of (—)-10-decarboxyquinocarcin and (—)-quinocarcin,
respectivel}}'®> Compound273 has also been used in the synthesis of 3,5-disubstituted indolizidine
toxins 223AB and 239AB, extracted from the Colombian poison fmndrobates histrionicysand
the pyrrolizidine alkaloids (+)- and (-)-xenovenit.
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DIBALH /()\/ 1. MeOH, TsOH /(—)\/ TMSCN /(—)\/
38 —M HO N OH —> MeO N OBn — NC N OBn
) 2, BnBr, NaH ! BF3-OEt, !
Boc Boc Boc
273 274 (92%) 275 (95%)
MOMO—, MOMO—,
1. MOMCI /&/OB 1. DIBALH D\/OB
158 n —— n
2. DIBALH NC™ N 2. KoCO3 OHC™ N
3. MeOH, TsOH Boc Boc
4. TMSCN, BF3-OFt, 276 (94%) 159 (61-63%)
Scheme 101.

Intramo- lecular alkylations of iminium ions derived frastosylpyroglutaminols have been used for
the synthesis of (+)-anatoxin-a, a powerful neurotoxic alkaloid isolated from the fresh-water blue-green
algaeAnabaendlos-aquat®>®2The reduction of compoun277with DIBALH followed by reaction with
methanol furnishes the compou2d8in 95% d.e., which is further transformed by functionalisation
of the primary alcohol into the unsaturated ketdiz9.1%%2 This enone is cyclised under Hiemstra
and Speckamp conditioh¥ to give, after final desulfonylation, (+)-anatoxin-a (Scheme 102). The
hemiaminal resulting from compour2l’7 has also been transformed stereoselectively into the nitrile
281, as the singléransisomet>6P (Scheme 103).

AN oreoes _toman [ A oraops  —LTBAF
N 2. MeOH, TsOH, e N 2. CIC(S)OPh, BuLi
Ts HC(OMe)3 Ts 3. CHp=CHCH,SnBu"3, hv
277 278 (80%) 4. Oz, SMe;
5. AcCHoPO(OMe),, NaH
Ts\
1. )
MeO™ M _1.HCI, MeOH _ Na-Hg
208U MeOH
279 (51%) 280 (67%) anatoxin-a (76%)

Scheme 102.

1. DIBALH
277 NC\“[Nj\/OTBDPS

2. TMSCN, SnCl4 b
Ts

281 (91%)

Scheme 103.

Pyrrolidine-based analogues df@oxythymidine have been prepared Meaacyliminium ion inter-
mediates derived from the pyroglutamir282 In this case, the hemiaminaB3 has been transformed
into its acetate and coupled with the bis-trimethylsilyl derivative of thymine in the presence of tin
tetrachloride to furnish compouri2B4 as a mixture of diastereomers. Final desilylation affords, after
separation of the isomers, the target moleculesandtrans-285'°8 (Scheme 104).

WhenN-unprotected pyroglutaminols are used, the reduction of the carbonyl group affords pyrrolines,
which can be alkylated by means of Grignard reagents through the corresponding thioimidates. The
reduction of methyl pyroglutamate with sodium borohydride affords the ac2&tafter acylation of the
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NaBH, /[3\/ 1. Ac,0, DMAP
OJN‘)\,OTBS Ho Ny \-OTBS

2. (TMS),-thymine,

Cbz Cbz SnCl,
282 283 (95%)
Thy/Q\,OTBS _LTBAF AN ang iy S NOH
h 2. Separation h )
Cbz Cbz Cbz
284 (64%) cis-285 (47%) trans-285 (41%)
Scheme 104.

hydroxymethyl group. This compound is transformed into the thioimid&#®?’ which is alkylated with
nonylmagnesium bromide to lead to ti#®-{mino alcohol288 The reduction of this imine using sodium
triacetoxyborohydride yields a mixture @fanscis-hydroxymethylpyrrolidines in 70:30 ratio, which
could be chromatographically separated afte€Cbz protection. The correspondirigansisomer 289
is transformed into the pyrrolidin290, which is a component dflonomorium minutunant venom®°
(Scheme 105).

A 1. MeOH, SOCl, /O\,OA 1. Lawesson
0 HO™ SN °

}f:]‘ CO.H 2. NaBH,4 2. Mel
3. Ac0 3. NaOMe
1 286
e /&OH n-CgH1gMgBr /(:)\/OH 1. NaBH(AcO)3
N n-Cothg N 2. CbzCl
3. Separati
087 288 (75%) eparation
n-CoHiy N 2. [CH=CH (CHy)glzCuLi n-Coths N 4
CBz 3. MesSil
289 (54%) 290 (42%)
Scheme 105.

Another group of alkylation reactions are condensations of: (a) thiopyroglutamates or thiopyroglu-
taminols with, e.g.x-bromoesters via the Eschenmoser sulfide contraéfiband (b) lactim ether or
thioether derivatives with active methylene compounds (Scheme 106). In bothfeapasinoesters of
pyroglutamates or pyroglutaminols are obtained.

[}\ Eschenmoser sulfide contraction EWG "/O\X
N

X
=N XCH2EWG N

(X = CO,R , CH,0R)

/(_)\ CHo(EWG),
RY SN X —— EWG/ﬁ X

EWG
Scheme 106.

The first condensation reaction has been previously used by Fujimoto and Kistiie synthe-
sis of gephyrotoxin as well as by Rapoport et al. in the case of (-)-anat®Xiasad 5-butyl-2-
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heptylpyrrolidinest® The starting thiolactams can be prepared by reaction of the corresponding lactams
with Lawesson reagent in 1,2-dimethoxyethane at room temper&ture.

Improvements in the synthesis of (+)-anatoxin-a and modified analogues as probes as nicotinic agents
have been carried out by Rapoport et'&#:163their basic strategy being summarised in Scheme 107.
The thiolactan91is alkylated with the triflat&92 followed by sulfur extrusion to give the vinylogous
amide 293 Hydrogenolysis of compoun@d93 affords thecis-disubstituted pyrrolidin€294, which is
submitted to a decarboxylative cyclisation through the corresponding iminium ion giving finally the
bicyclic anatoxin-a.

SN COBUt +  BUO,C —

7~ N7 OBt =
Bn Q. PBuo,C Bn
291 292 293
HN
O
(?(\/\\\“-Kl\ll).qCOZBut —————— \
\ 5 Bn
294 anatoxin-a
Scheme 107.

The synthesis of the carbapenem antibioticepbPS-5 and PS-5 starts with the thiolact&8l,
which after reaction with the triflate derived fromhydroxybutyric benzyl ester gives the vinylogous
compound295 as a 4.5:1 diastereomeric mixture. Hydrogenation without debenzylation followed by
chromatographic separation affords the desiré&l85)-isomer296g which is debenzylated and cyclised
with DCC to the corresponding bicyck97, precursor of GepiPS-5. The minor isome296b has also
been converted into PSS (Scheme 108).

oTt

\)\CO Bn Hy, Pt-C
291 2 /\/Qcone
PhP, ( NMe BnOC  Bn

295 (67%)
H NHAc
H, /\H)O\ - . < —
/Y<p\cone + 77 N7 COMe —— )__Q‘S
BnO,C  Bn BnOC  Bn 0 COzH
296a (70%) 296b PS-5
1. Hp, Pd-E:\
2.DCC
H H NHAC
T T S ) ——
o N ” N/
coMe 0 COH
297 (91%) 6-epi-PS-5
Scheme 108.

The pyrrolidine298, prepared from the thiolacta@®1 by an Eschenmoser reactidhhas been used
as starting material for the preparation of the hydroxy comp@@@After conversion of this compound
into the iodide300, it is submitted to a radical cyclisation with tris(trimethylsilyl)silane giving, through a
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7-endotrig process, the fused bicyclic lactaB®1 in >95% d.e'®°2 (Scheme 109). This type of 7,5-
and 6,5-fused lactams are peptidomimetics as potential serino protease inAfSitble 5,6-fused
derivatives have been prepared by means of a phenylselenyl derivative also by a radical cyéf¥ation.

0y _Tef8a MeOQC\/& 1. LiBH4 HONQCOzBu‘
- N~ COzBu!

1. MsCl

B 2. Hy, Pd(OH), o 2. Nal
n 3. CH2=C(NHAC)COQH NHAc
298 299 (65%)
l/\/q)‘cozaut (Me3Si)sSiH
\/go AIBN N
t

NHAc AcHN™ & COsBu

300 (73%) 301 (42%)
Scheme 109.

The olefination of the thiolactar802 by a diazo—thioamide coupling reaction has been used by
Danishefsky et al. for the synthesis of the angiotensin converting enzyme (ACE) inhibitor A58365A
306 Diazoketone303is coupled with thiopyroglutamat802 at room temperature in the presence of
a catalytic amount of solid sodium hydroxide to afford the Michael ad@Q0dt which cyclises in the
presence of rhodium(ll) acetate. Subsequent treatment with W-2 Raney nickel provides the indolizidine
305 which is further transformed into the mentioned compo8a6%” (Scheme 110).

CHN,
ﬂ O CHN2  NaOH _ 1 _1.Rhy(OAC),
S l[:l‘ COQBUt + T

2. W 2 Ra-Ni

Bu'0,C

302 303 304 (95%)

OH

EAEN O

N —_—
~_N
COzBu oz COpH
305 (65%) 306
Scheme 110.

The bicyclic compound@l10and its enantiomer, related to the tumour antibiotic carzinophilin A, have
been prepared starting fror§)¢ and R)-pyroglutaminoll16, which are transformed into thiolactams. The
(S-derivative 307 reacts with diethyl bromomalonate and then with agueous potassium bicarbonate to
afford the alkylidenepyrrolidin808 which is converted into the corresponding tosyla@®. Intramo-
lecular cyclisation of compoun809 by treatment with potassium hydride provides the aziridine ring of
310(Scheme 111). This aziridine shows very weak in vitro cytotoxicity in assays against P388 murine
leukemial®®

The use of lactim ether derivatives for the preparatiorf@fnaminoesters by reaction with active
methylene compounds was also studied by Pfaltz é8°%afsee Scheme 106). The iminoeth&t1,
prepared from pyroglutamic acidhas been used by Pfaltz et al. for the synthesis of semicorrin metal
complexes, which are useful catalysts for the cyclopropanation of olefins, in conjugate reductin of
unsaturated esters and amides and for allylic nucleophilic substitdfi®r@ompound311 is heated
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1. BrCH(CO,Et
(5-16 —1BDPSCI //\—‘)\/OTBDPS _1. BrOH(CO-E), |
2. Lawesson S H 2, KHCO4
307 (97%)
Et0,C.__CO,Et
EtOQC%QVOTBDPS 1. TBAF EOC. A OTs _ KH ¥|
N
Eto,c M 2. TsCl, Py EtO,C *
308 (90%) 309 (90%) 310 (80%)
Scheme 111.

with tert-butyl cyanoacetate to give compouBd2 which is transformed after decarboxylation into
cyanoenamine813as a mixture of diastereomers. Condensation of compoBb8lwith the iminoether
311 in the presence of trifluoroacetic acid gives the die8tet and further reduction or addition of
methylmagnesium bromide to the ester groups affords comp®ibaor 3150, respectively, which after
final treatment with copper(ll) acetate yield the comple3&6'’! (Scheme 112).

1. MeOH, Dowex /O\ NCCH,COBU' N 1. TFA
()1 ——— 07N YcoMe ——————~  NOSANcome —————
2. Et;0* BF, Bioe M 2. NaHCO;
311 (90%) 312 (80%)
CN
NC,\/()\ 311 Y LiBH, then TBSCI
N COMe TFA 3 Ny N or MeMgBr
M902C COgMe
313 (70%) 314 (57%)
CN
CN o
N, N
O Cu(OAc), R~/ g
N.. _N R, GYu R
H /7 =
R R NN
N

315a : R = CH,OTBS (43%)
315b : R = CMe,OH (76%) CN

316 (91-94%)
Scheme 112.

The iminoetheB17has been prepared by reaction 8fpyroglutamic acid methyl ester with dimethyl
sulfate and then with potassium bicarbonate. It reacts with Meldrum’s acid to yield th&&8tarhich
is stereoselectively transformed into theenamine319 by reaction with benzyl alcohol in the presence
of boron trifluoride etherate. The synthesis of compoungd319was previously carried out in racemic
form by Nagasaka et al? for the synthesis of 3,Fans-3-methoxycarbonyl-1-carbapenam. Compound
319is annulated witlx-methyleneglutaric anhydride to form the hexahydroindolizidd2®, which is
transformed into the indolizidine A58365821), an inhibitor of angiotensin-converting enzyme (ACE)
for the treatment of hypertensibi¥ (Scheme 113). Fang et al. have used the diazo—thiamide coupling
reactiort®’ for the synthesis of the related compound A5836386 (see Scheme 110).

Fasseur et al. have studied the condensation reactions of racemic iminoethers of pyroglutamates with
different active methylene reagents, usually 1,3-dicarbonyl compounds or related si/$td@imes.con-
densation with nitromethane can be carried out with more activated alkoxyiminium or thioalkyliminium
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o
<‘ o>< 9
(o]
o M CO2Me  pnCH,OH

EtsN, A o~ "0 BF3-OEt;

1. MeOH, H,SO /&
(8)-1 e, MeO™

N COgMe
2. MeosSO4
3. KHCO;

317 (83%) 318 (73%)

o
EO CO.Bn OH
) o N
Z N7 YCOMe — N p—— | N
H HO.C HOLC
CO.Bn 0 COoMe
319 (73%) 320 (95%) 321

Scheme 113.

salts. TheN-benzylpyroglutamat@2 or thiopyroglutamatel 15 are transformed into compoun882 or

323 respectively, by reaction with Meerwein’s salt or methyl iodide. The reaction of these compounds
322 and 323 with nitromethane in the presence of triethylamine yields the nitroenag#ideCatalytic
hydrogenation of compoun8R4 at 45 psi gives stereoselectively and directly the bicyclic piperazinone
325as a single produtt® (Scheme 114).

Ets0*BF4~ /(_)\ _ MeNO,
YOI YoM ———— N\ X
! 2 or Mel RY™ "N” "COoMe EtzN
Bn Bn
22:Y=0 322 : RY = OEt, X = BF,
115:Y=S 323 :RY = SMe, X = |
H
N
0 N\/O\ Hp, Pd-C
PN ScoMe ——— o
Bn ”
324 (40-56%) 325 (91%)
Scheme 114.

In the case of iminoethers derived from pyroglutaminol, the condensation with active methylene
reagents is carried out in the presence of nickel(ll) acetylacetonate, which is a better catalyst than
triethylamine!’® This methodology has been used by Célérier et al. in the synthesis of optically active
2,5-disubstituted pyrrolidines and indolizidine or pyrrolizidine derivatives. The la@2aé obtained
from the R)-pyroglutaminol tosylate?9 (see Scheme 12) has been transformed into its iminoether,
which is coupled with Meldrum'’s acid to give the enamB&7. Hydrogenation over Raney nickel gives
a 96:4 mixture ofcis:trans-pyrrolidines 328 which is further converted into (+)-monomorine329)2°
(Scheme 115). A similar strategy has been employed for the synthesstens (2S,5R)-(5-hexenyl)-
5-nonylpyrrolidine, thetransisomer being a component donomorium minutunant venom®® (see

Scheme 105).

The iminoethei330, derived from the tosylat29, has been coupled with 2-acetylbutyrolactone in the
presence of nickel acetylacetonate to give stereoselectively the pRgiLietydrolysis of this compound
takes place with decarboxylation providing an iminoalcoB®2 which is finally transformed into the
pyrrolizidine 333 a bicyclic alkaloidic component Golenopsisnt venom* (Scheme 116).

In the synthesis of the carzinophilin uri®38 from (R)- and ©)-pyroglutaminol carried out by
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Pr,CuLi /[1 1. MeoSOy Ha, HCI
29 —— - AINTYBU T

n
o N Bu ° Ra-Ni
o o Ni MeO,C
326 (61%) . O)< , Ni(acac), 227
o
3. NaOMe
- n
(<—N—>\ Bu" _— & Bu
Meo,c H
328 (76%) 329
Scheme 115.
OAc
1. Nal [)\ :o: "0 Z N HCI
29 —— - N —_— H -
2. Hy, PtO, MeO”™ "N Ni(acac)z o)
3. MeSO. 0
330 (52%) 331 (63%)

HO\/\/[)\ — é?\
N

N

C7H1s
332 (92%) 333
Scheme 116.

Hashimoto et al., a condensation between the imino&Bg&rprepared from the corresponding material
334, and ethyl nitroacetate is used affording the expected pro886t which is hydrogenated and
protected to give the amino es®&37, a precursor of compour@B8t’” (Scheme 117).

ﬂ oteops 2S04 D orapps  O2NCHCO:E!
(0] N MeO \N oy
334 335 (87%)

H
BocN __CO5Et

1. Hp, Pd-C .
MeO,C~ A, )., OTBDPS 2 MeO,C~ A J., OTBDPS ~—_——. l
N7 2. BocyO N N

NO, H BocNH H

336 (67%) 337 (78%) 338

Scheme 117.

Iminoethers derived from pyroglutamates can react with ammonium chloride to give the corresponding
amidines. This transformation has been carried out for the synthesis of (+)- and (-)-dihydrokikumycin
B.” Thus, compound339 gives the amidine340 and, after hydrolysis, affords the acklin 80%

e.e. (Scheme 118), which is amidated yielding compound7({dee Scheme 3J@ and also (+)-
anthelvencin AL7P Leutenegger et al. have used a similar reaction with the iminothio8#terderived
from pyroglutaminol, in the synthesis of 5-aza-semicortif¥sThus, the reaction of compour@#1,
prepared from the corresponding mater&t16, with ammonium chloride in methanol gives the amidine
hydrochloride342 which is deprotonated and coupled again with the iminothio&#&finally affording
the produci344, after methylation of the intermedia843(Scheme 119).
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/(_)\ NH4Cl /O\ HCl /O\
EtO \N —_ . H2N \N N

COE! oo CO,Et HaN"" N7 COoH 7
339 340 (95%) 5
Scheme 118.
(516 1-TBSCl /()VOTBS LA otBs _1.Buli
2. Lawesson MeS™ °N MeOH HCIH N N 2.341
3. Mel o o,
4. NaHCO, 341 (61%) 342 (95%)
Q . Q
TBSO—* OTBS TBSO— oTBS
343 (57%) 344 (79%)
Scheme 119.

4. Ring opening reactions

In this review we have seen that the hydrolysis of pyroglutamate derivatives has been widely used
for the preparation of glutamic acid derivatives. This conversion into acyclic series without loss of
stereochemical integrity consists of the treatmeniedcylated omN-urethane pyroglutamates, usually
with 1 N aqueous lithium hydroxide in THf2

The ring opening oiN-protected pyroglutamates can be carried out easily with different carbo- or
hetero-nucleophiles. Ohta et al. described for the first time the carbon chain elongation reaction at the
C-5 of L-glutamic acid by reaction di-urethane pyroglutamates with Grignard reagents to give the
corresponding ketone345'7° (Scheme 120). This reaction is applied to the synthesis of the natural
product (5,59)-pyrrolidine-2,5-dicarboxylic aci@50by means of the enor#46, obtained in 55% yield
by addition of vinylmagnesium bromide to compouh20. Chemoselective reduction of this enone to
the corresponding alcoh8K7followed by mesylation affords the prolina8d8 The major diastereomer
is separated and oxidised by ozonolysis giving, after final deprotection, the expect@d@cid

A ° oo
1. R3MgX R :
2 - v, 2

I
CO.R!

o)
345 (52-92%)
NHCO,R! NHCO,R!
_ : . NaBH,4 _ : . 1. MsCl, EtzN
2 coaR Y T coeR ~
)| CeCly SH 2. Separation
346 347 (91%)
1.0
\O\ 3
X N7 YCOzBu' > TFA HO,C" N COzH
Cbz 3. Hp, Pd-C
348 (46%) 250 (68%)
Scheme 120.

The same strategy has been used in the synthesis of (-)-bulge@B®2 Thus, the (R)-4-
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hydroxypyroglutamatel 34 (see Scheme 55, Section 3.1.4) is converted by a Mitsunobu reaction into
its benzoate, which is opened by addition of vinylmagnesium bromide to give the 8d@rEhis enone

is stereoselectively transformed into the prolind5® and finally oxidised and deprotected to give (-)-
bulgecinine351(Scheme 121).

HO,
p OBz NHBoc
A 1. PhCO,H, DEAD, PhgP /W 1. NaBHy, CeCla
B
O N7 "COzEBn 2. CHp=CHMgBr OB 2. MsCl, EtsN
Boc 0
134 349 (61%)
BzO HO
< Z_)\ 1. Og, NaBH,4 o Z_)\
N7 TCOBN T3 NaOH ST TeoMH
Boc 3. TFA
350 (56%) 351 (57%)
Scheme 121.

When arylmagnesium bromides are used as nucleoplifegyrroline derivatives352 are obtained
after treatment of the corresponding phenones with trifluoroaceticl#tithese compounds can be
transformed either intois-5-arylprolinates353 by hydrogenation or into a mixture ofs/trans-prolines
354 by reduction with sodium borohydri#& (Scheme 122).

107

1. ArMgBr
2.TFA
N 1. NaOH L\ HpPdO, [\
Ar INi COoH 2. NaBH, Ar” N7 YCO,Et Ar H COEt
354 (70%) 352 (68-85%) 353 (92-99%)
Scheme 122.

Mercaptoacyl! dipeptides containing a glycine linked to 5-arylprolines are inhibitors of neutral endo-
peptidase and angiotensin-converting enzyme (ACE) with a long duration of &gtion.

Lithium diphenylcyanocupraté? and phenyllithium®? are also adequate nucleophiles for the ring
opening ofN-Boc-pyroglutamates, so making possible the transformation of the resulting ketones into
cis-5-phenylprolines®?

Stabilised carbanions, such as enolates, are efficiently addédaobamoylpyroglutamates affording
5-oxoaminoester derivatives with preservation of the configuration at®-Phis reaction has been
applied as the key step to the synthesis of carbape@htepimer of compoun@97, see Scheme 108,
Section 3.4.2), from which (+)-PS-p-nitrobenzyl ester358 has been preparéd* Compound355,
obtained by reaction of pyroglutama®d with the enolate ofert-butyl butanoate, is stereoselectively
hydrogenated affording the 2¢is-5-substituted prolin856. The deprotection of théert-butyl ester
with trimethylsilyl triflate and cyclisation gives the carbapen8B¥, after diastereoselective enolisa-
tion—protonation at C-6 in 85% d.e. (Scheme 123).

Ketone enolates and other stabilised carbanions derived from 1,3-dithiane and diethyl methane-
phosphonate have also been used as carbon nucleophiles in the ring opening of ettub-N-Boc-
pyroglutamate 107).18°2 The reaction takes place in THF at low temperatures and the e.e.s are >95% in
all cases. Compound359, derived from ketones, are obtained mainly as enals (Scheme 124). Lithium
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NHCbz
91 Me(CH),CO,BU! : 1. Hp, Pd-C
LDA Bu'O, COBN ™5 Boc,0

0 3. CHaNy
355 (81%)
y HH H H NH,
/YO\ 1. TMSOTY ‘ N ‘ g7
ok N7 YCOMe —por A0 o N —_— 5 N/
uo Boc 3. LDA COoMe CO,PNP
4. H*
356 (60%) 357 (75%) 358
Scheme 123.

trimethylsilyldiazomethane gives good yields of the corresponding substituted 6-diazo-5-oxonorleucine

esters.86
o
o107 —N L COqEt

NHBoc
359 (60-78%)

OLi OLi <:S>_
Nu = (EtO),OPCH_oLi, s , Li
u=(EtO)2 oLi )\Ar %OEt S
Scheme 124.

Lithiomethyl p-tolyl sulfoxide also gives the produ@&60. This product is transformed into a 7:3
mixture oftranscis-prolinates361, which can be separated and hydrolysed to gige andtrans-2,5-
dicarboxylic acids25014” When compoun®60 is submitted to Pummerer reaction conditions, the 5-
oxopipecolic acid derivativ@62 is obtained®® (Scheme 125). Similar results have been observed in
the reaction of the pyroglutama&63 with Corey’s ylide. In this case, when the ylid64 is treated
with rhodium(ll) trifluoroacetate it undergoes intramolecular N—-H insertion to form the protected 5-
oxopipecolic aciB65¢7 (Scheme 126).

e o °
p-TolSOCH,Li COLEt TFA, Py
S\)k/\‘/ 2 _ COEt

(9107 ——————= piToI” p-Tols™ >N
NHBoc Boc
360 (70%) 362 (98%)
‘ TFA
1. Separation &
P -TOIS\”/QCOQE'( 2. NaOH HOLC™ N Y COH
H H
(0]
361 (98%) 250 (23%)
Scheme 125.

Concerning the use of heteronucleophiles for the cleavage of the lactam, alcoholysis is a good strategy
for the preparation of disymmetrical diestersNiurethane-protected glutamic acid in order to achieve
differentiation between the carboxylic grouf¥8.Schoenfelder and Mann have reported the reaction of
different N-carbamoylpyroglutamates with alcohols in the presence of potassium cyanide as catalyst.
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A + CO2CHPh2 CO,CHPhy
MezSO I~ Rhy(TFA
0o N CO,CHPhy — . L\NrHBOC L)“’ OJQ\:

Boc NaH o) C}SMeZ Boc
363 364 (95%) 365 (51%)
Scheme 126.

However, no mention is made regarding the enantiomeric excess of the corresponding esters.
Molina et al'®® have studied the heteronucleophilic ring opening.ofind b-N-Boc-pyroglutamates

107 catalysed by potassium cyanide under ultrasonic irradiation in order to shorten reaction times. The
reaction proceeds by nucleophilic attack of the cyanide anion followed by displacement of the cyanide
by the nucleophile in the highly reactive acyl cyanide intermed&i@ delivering acyclic product867
(Scheme 127). Alternatively, the reaction can be carried out over shorter time periods using sodium
alkoxides.

o
RYH CO,Et
(9)-107 W NC CO,Et -~ RY 2
))) NHBoc NHBoc
366 367 (32-97%)
Y=0,S,NH
R = Bn, allyl, propargyl
Scheme 127.

Attwood et al. have used benzyl alcohol containing traces of sodium benzoxide in the preparation of
compound.-Glat?’ (see Scheme 53, Section 3.1.4) from compol@@(Scheme 128).

BnO,C,
I}\ PhCH,OH BnOZCY\rCOQBu‘ 1. H, Pd-C HOQCWCOQH
t _— P —
© ’I;.‘ COBU" NaOCH,Ph BnO,C  NHBoc 2. TFA HO,C  NHp
0oC
129 368 (64%) L-Gla (48%)
Scheme 128.

Methyl N-methoxycarbonylpyroglutamate has been opened in methanol contpimhgenesulfonic
acid at room temperature to yield the corresponding methyl glutamate in 65%4$4eld.

In the condensation reaction of the aldehy@B8® with different nitrogen-containing nucleophiles,
such as hydrazines or hydroxylamine, an intramolecular ring opening of the lactam ring has also been
observed giving productd4 (see Scheme 39, Section 3.1.4). In the case of the enol @helerived
from compoundd3, the reaction with amidines or guanidines also affords the heterocyclic sy&t#ins
or 101, resulting from the intramolecular ring opening of the pyroglutamate systésae Scheme 41,
Section 3.1.4).

N-Urethane-protected pyroglutaminol derivatives can be hydrolysed by means of 1 M sodium
hydroxide in methandi?2 lithium hydroxide in THF:? or aqueous lithium hydroperoxide in THE
to yield the corresponding-amino acids. The lactam functionality in compoub8l can be cleaved
by Grignard reagents (e.g. vinylmagnesium bromide) or the anion derived from 1,3-dithiane giving the
corresponding keton&69and37(° (Scheme 129). The 3,4-dihydroxylated pyroglutam®ipll?* (see
Scheme 70, Section 3.2), after protection as acetonide, is treated with vinylmagnesium bromide providing
the ketone372 which has been finally transformed into the polyhydroxylated pyrrolizidine alkaloid 1,7-
di-epialexine3734 (Scheme 129).
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S
o) »Li Q
/\
N ~ Mgbr I)\/OTBDPS < s
OTBDPS ~—— O [\Ij _— OTBDPS
NHBoc Boc S NHBoc
369 (63%) 151 370 (89%)
HO, o N Ho, _ OH
[)\,01' 1. Me,C(OMe), Q 9 oH
r _— p 3 _—
(0] N 5 P MgBr /\[(_Y\OT" HOu.. N
Boc (0] NHBoc
371 372 (93%) 373
Scheme 129.

SubstitutedN-Boc-aminopyranones of the ty@@¥5 precursors of acyclic analogues of kainofids,
have been prepared in a one-step process by intramolecular alcoholate attack to the lactam moiety in
N-tosylpyroglutaminol$2 When compound874 are desilylated with tetra-butylammonium fluoride,
compound$g75are obtained in good to excellent yield(Scheme 130).

R R R
TBAF \
OQ\/OTBS _TBAF _ O@\ O=(O__>--'NHTS
Ts Ts O
374 375 (66-98%)
Scheme 130.

In the synthesis of chiral 1,2,4-triaminobutanes from pyroglutaminol, its aminoderiva®vsee
Scheme 13, Section 2) is transformed, aeBoc-protection, into the compour876. This lactam can
be opened by ammonia in methanol to lead to the formation of the aBiidewhich after Hofmann
rearrangement affords the protected 1,2,4-triaminobuda8’ (Scheme 131).

Boc,O, DMAP A/ NHz, MeOH
Oﬂ\/ NH> o N N(Boc)z e .

N \
Boc
32 376 (51%)
o)
Br. NHCO,Me
(Boc)zN/\;/\)\ NH; z BocHN" > ™2
NHBoc NaOMe NHBoc
377 378 (68%)
Scheme 131.

Methyl carbamate an@®-benzylhydroxylamine can open pyroglutaminol derivatid¥® to afford
products380and381, respectively®* (Scheme 132). The last compouB8l1 (R=Bu) has been used for
the synthesis of)-5-aminopiperidin-2-on882 a component of bacterial quinolones and a ligand of
antitumourcis-platinum complexe$?

5. Uses as chiral auxiliaries

There are not many examples for the use of pyroglutamate derivatives as chiral auxiliarieN-Ethyl
dienylpyroglutamates$83 have been used as chiral dienes in Diels—Alder reactith$hese dienes
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o
Ha2NCOzMe
OX—,\I_)\,OCHMeOEt —2 MeOZCHN)W\OCHMeOEt

) NaH NHCO.R
CO.R
379 380 (54-79%)
HoNOBn
KCN
Q \NH;
BnOHN )WOCHMeOEt — Ij
NHCO2R "N
381 (87-90%) 382
Scheme 132.

are prepared by reaction of ethyl pyroglutama@with «,B-unsaturated aldehydé¥ Compounds

383 show excellent diastereoselectivity in the Diels—Alder reaction with electron deficient alkenes and
in good endoand ortho selectivities. The correspondirgis-adducts384 are isolated in 91-97% d.e.
(Scheme 133).

A 1 A
O N7 TCOR 7, EtOH-H,0, A COR!
Z
/< [R'=EY] /@’
R2
383 384 (77-91%)
OXNj\COQFﬂ ACOgFﬂ ZD\COZR1
7 _R%CONO_ | (}l’
~N Coga ~COR3
R2
385 386 (56-92%) 387 (8-44%)
Scheme 133.

The reaction of diene385 with nitrosodienophiles, generated in situ, takes place in a regioselective
manner leading to cycloadduc&86 and 387.1%7 These products can be separated in most cases, the
major diastereomer being compouB®b, resulting from the approach of the dienoplalati with respect
to the ester moiety of the chiral pyroglutamate auxiliary. BReansconfiguration between the amide
and the butadiene moieties is postulated in the transition state, so-tbrdital interactions are optimal
(Scheme 133).

Ethyl (S)-4,4-dimethylpyroglutamatd881°8 prepared by dimethylation of ethi-Boc pyroglutamate
107 enolaté® (see Scheme 45, Section 3.1.4), has been used as ‘quat’ chiral auxiliaries in aldol
condensatiort$® and in Michael addition reactiot8? Compound388 is acylated with propanoyl
chloride to give the imid&89, which is allowed to react with benzaldehyde by means ofZjsbron
enolate forming thesyn product390 in >98% d.e. (Scheme 134). After hydrolysis, the eg®t is
obtained, the chiral auxiliar$88then being recovered.

In the Michael addition of cuprates to crotonoyl or cinnamoyl derivati882 products393 are
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- i h "
107 _1-LHMDS, Mel h Bu"Li 0 N Nco,er BY2BOTH
1A O N“TCOEt  Ercocl PrloNE
388 (70%) 389 (80%)
. h 1
PhCHO O °N” "COzEt 1. LiOH, THF-H,0 o
07 N7 YCO.Et - < 38
. 07Ny 2. EtOH, HCI ()
N .- HO“ ~Ph
2 HO™ “Ph
(70%) 391 (94%)
390 (80%)
Scheme 134.

obtained in >95% d.e. when TMEDA and trimethylchlorosilane are used as adtfitig€sheme 135).
Hydrolysis of Michael adduct893 gives -branched carboxylic acicd294 and the chiral auxiliary after

esterification with ethanol-hydrogen chloride.

Bu"Li ob‘

388 ——
Rise">cocl 07 A" R!

392 (55-65%)

R2MgX, Cul o
TMEDA, TMSCI o

N"COEt | ion

R‘l
Lo A oo

Rr2“ "R!

393 (34-80%) 394 (71-78%)

Scheme 135.
tert-Butyl pyroglutamate has been used in the dynamic kinetic resolution of racefmicmobutanoyl
derivative 395 by nucleophilic displacement with benzylamine in the presence of triethylamine and
tetrabutylammonium iodide to give compouB86in 94% d.e. but in moderate yield due to a competing

acyl transfer process (40%8Y (Scheme 136).

(0] COzBu! 0 CO,Bu!
/\)‘\N ' BnNH»2 /\‘)‘\N N
Br Et3N, TBAI BnNH
(0] (0]
395 396 (60%)

Scheme 136.

Glyoxylic acid y-lactam adducts of pyroglutamate have been used in intermolecular electrophilic
substitution reactions giving nitrogen substituted phenylglycine derivatidgethyl (S)-pyroglutamate
reacts with methyl methoxyglyoxalate in boiling acetone leading to the ester ag@civhich after
reaction with benzene in sulfuric acid affords, through the correspondiimyinium cation, the product
398in 93.4% d.e. (Scheme 137). When this reaction is carried out with the amide &3uptperazine
diones400are obtained, these systems being part of brevianamides.

The O-trityl pyroglutaminol derivativel01 has been used as a chiral auxiliary in Michael addition and
Diels—Alder cycloaddition reactions. It can be prepared by tritylationSppgroglutaminol16 in 89%
yield.2%2 The «,B-unsaturated imide402 react with organocuprates affording addué@s in 81-95%
d.e., which are converted into the corresponding ag8@éin very good yields with recovery of the
auxiliary 401292 (Scheme 138). Theynconformation in compound402, predominant in the presence
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A MeOCH(OH)CO,Me //\'N—)‘ PhH, HpSO,4 /Q\
07N YcozMe Me,CO o CO.Me o COMe

HO” >~CO,Me PH" > CO,Me

397 (82%) 398 (40%)
1. NH3, MeOH
2. OHCCO,H

A PhH, MeSOzH
o —3> OQYO

N~ YCONH,
P \\r NH
HO COzMe Ph\“
0
399 (77%) 400 (56%)
Scheme 137.

of magnesium, has been studied by NMR as well as by theoretical calcul#tfofikis conformation
predicts the observed diastereoselectivity. Thiophenol in the presence of lithium thiophenolate and
magnesium perchlorate adds to imidd2 in good yields (64-91%) and stereoselectiAfy(70-98%

d.e.).

PhaCCl, NEt Li R2MgCI
O/(—>\,OH 2 : /(j\,OTr — B O/QB\’OT' g

(o] CuBr-SM
DMAP ” R1\/\COCI o)\/\m uBr-SMe,

(S)-16 401 (89%) 402 (86-96%)

/Q\/OTr
°© 1.HC,MeOH gt
N COH
O)\L 2. KOH R2

R2 W R1
403 (62-98%) 394 (75-91%)

Scheme 138.

Fleming and Kindon have studied the preparationfedilyl esters by two routes. Starting from
imides 402 by addition of phenyldimethylsilylcuprate in the presence of magnesium bromide, the
corresponding adduct404 are obtained in 78% d.e. If alkyl or phenylmagnesium bromide and the
copper(l) bromide—dimethyl sulfide complex are used as the nucleophilic mixture, the addition to the
B-silyl imide 405leads to produc#06 with the opposite configuration at the newly created stereocentre
(compared to produc#04) and 92% d.€%° (Scheme 139).

This methodology has been used in the synthesis of the chiral bis-homoallylic affedfsbm the
imide 407. The corresponding conjugate addition product is obtained with >95% diastereoséfction
(Scheme 140). Th@-silyl substituted imide409 reacts with the vinyl cupratd10 in the presence of
magnesium bromide to give the corresponding Michael adduct in 90% e.e. This product is transformed
into the ester11, a precursor of the esterase inhibitor tetrahydrolipsttiZ#®’ (Scheme 140).

The imides413 prepared from the chiral auxiliarg)0l, are good dienophiles in asymmetric
Diels—Alder reactions giving, for instance with cyclopentadiene, the addiftin general with good
endeapproach (>99%) and very high diastereoselection (up to 99%), in the presence of Lewis acids.
Final reaction of compound14 with lithium benzylate gives the bicyclic estdd5 and the auxiliary
4012%8 (Scheme 141).
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PhMe,SiLi, CuBr-SMe; OX:)\’

402
MgBr, O)j\

PhMe,Si*

404 (83-84%)

0 N
OX;)\,OTF PhMgBr, CuBr-SMe; o)\L
MgBr.
o)\/\ SiMe,Ph g=re SiMe,Ph

405 406 (92%)

Scheme 139.

O/Q\/OT’ 1. CH=CHMgBr, CuBr-SMe, /\é
OH
2. LAH
Ow

407

/Q\/on NHCHO
o PhMe,Si

408 (40%)

1. C1iHg __ CU (490), MgBr, o Y cop— 0
O)j 2. BnOLi TR °q .
PhMe,Si CiiHag 7N CeHia

409 411 412

Scheme 140.
p R
° oTr O i °T  Loen Lb/ R
o)\/\n FAlC! ° OD CO,Bn o
413 414 (70-98%) 415 (92-93%)

Scheme 141.

(R)-3,3,5-Trimethyl-2-pyrrolidine417,2%° a ‘quat’ auxiliary, has been developed by Davies et al. and
used in asymmetric aldol and alkylation reacti8H5This reagent is prepared frompyroglutaminol
by dialkylation of compoun®5*3 (see Scheme 14, Section 2) to yield prodéité. This dimethylated
product is hydrolysed to an alcohol, which is reduced through its tosylate by means of sodium boro-
hydride in DMSG% (Scheme 142). Other ‘quat’ derivatives have been prepared from compound
416, with compound417 being the best chiral auxiliary because it can be acylated and hydrolysed
with excellent results. Aldol and alkylation reactions are studied with the propanoyl infieé!°
A representative aldol reaction with benzaldehyde under Evans conditions givegntalelol 419 in
>97% d.e. The alkylation o418 enolate with benzyl bromide affords the prodd@0in 96% d.e. Final
hydrolysis of compound419and420allows the almost quantitative recovery of the chiral auxilidty
and the isolation of the 3-hydroxypropionic adidl and the alkylated ester or acl@2, respectively, in
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good yields (Scheme 142). Alternatively, compou&d can be treated with lithium aluminium hydride
to furnish the corresponding alcohol (84% yield) and the ‘gda¥ quantitatively.

& 1. LDA, Mel 7 1. MeOH, TsOH Jj\ Bu'Li
o N 2. LDA, Mel O N 2. TsCl, Py 07N Etcocl
% o ﬁ- O  3.NaBH, A

35 416 (86%) 417 (81%)

\é‘l 1. Bu";BOTE, ProNEt \éu ph _LOH _ Y
2. PhCHO R HO Ph

K3

418 (90%) w’\ Bner 419 (84%) 421 (84%) (94%)
(o) . 0
N LiOH or )H/ + 417
I MeOMgBr RO

n or LiOBn Bn

420 (82%) 422 (82-94%)  (92-97%)

Scheme 142.

6. Conclusions

This review of the use of pyroglutamic acid and its derivatives in asymmetric synthesis has shown
how extensive the applications of this simple but highly functionalised molecule are. The possibility of
modification and functionalisation of the carboxylic group and the lactam ring allows the preparation of
many types of chiral natural products as well as biologically active molecules. One of the most important
applications of this molecule is the synthesis of glutamic and kainic acid derivatives, useful tools in
neuroscience research due to their extremely potent excitatory activity in the vertebrate and invertebrate
glutamatergic system. In the amino acids field, differently substituted prolines as wehlmao acid
derivatives can be prepared. Chiral saturated heterocyclic compounds such as pyrrolidines, pyrrolizidi-
nes, indolizidines and fused lactams have also been prepared. Antitumourals, such as neothramycins
and quinocarcin, carbapenems, PKC modulators, ACE and esterase inhibitors, and gastroprotective
substances such as Al-77-B are representative examples prepared using pyroglutamic acid derivatives.
Other interesting natural products such as dihydrokikumycin B, anthelvencin, heliotridane, several
alexines, swainsonine derivatives, manzamine alkaloids, calyculins, bulgecinine and carzinophin A are
representative examples synthesised by means of pyroglutamic acid. Chiral catalysts such as semicorrin
metal complexes and 2,5-disubstituted pyrrolidines have been prepared from the same starting material.
Derivatives of the mentioned acid have also been used as chiral auxiliaries in Diels—Alder reactions,
alkylation or aldol reactions of chiral enolates, kinetic resolution of amino acids and Michael addition
processes. It can be concluded that pyroglutamic acid occupies an important place as a member of the
chiral pool in the field of asymmetric synthesis.
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