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Abstract—y-Amino acids have attracted considerable attention as biologically active compounds in the central nervous system (CNS) of
mammals. Over the last few years, significant interest in the stereoselective synthesis and practical application of linear and cyclic chiral y-
amino acids in the synthesis and design of o,3- and B,y-hybrid peptides with definite secondary structures and design of nanotubes has
been reported, thus demonstrating the theoretical interest and the practical importance of y-amino acids. An overview of synthetic
approaches to linear and cyclic chiral y-amino acids and derivatives is presented. Data on the practical applications of y-amino acids
are also discussed.
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1. Introduction

v-Aminobutyric acid (GABA) 1 is the major inhibitory
neurotransmitter in the central nervous system (CNS) of
mammals,! and exerts its physiological action through
the interaction with three receptor subtypes, termed GA-
BAA, GABAg, and GABAc. Both GABA, and GABA(c
receptors are ligand-gated ion channels permeable to
anions and convey the fast synaptic transmission, whereas
GABAGg is a G-protein coupled receptor, which modulates
the synaptic transmission through intracellular effector
systems.>

GABA deficiency is also associated with several important
neurological disorders such as Huntington’s and Parkin-
son’s disease, epilepsy, and other psychiatric disorders,
such as anxiety and pain.> However, the administration
of GABA orally or intravenously is not an efficient therapy
due to its low lipophilicity, and its very poor ability to cross
the blood-brain barrier (BBB).* Consequently, the synthe-
sis of more lipophilic GABA derivatives capable of cross-
ing the blood-brain barrier, which would inhibit the
GABA transaminase (GABA-T), the enzyme that degrades
GABA,’> has been the target of a great number of studies.
For example, 4-amino-5-hexenoic acid (y-vinyl GABA,
Vigabatrin®) 2, a synthetic analogue of GABA, is an
important anticonvulsant drug marketed in racemic form
as Sabril®. However, only the (S)-enantiomer is pharmaco-
logically active® as selective enzyme-activated inhibitor of
GABA-T in the mammalian brain with the net effect of
increasing GABA levels.” On the other hand, 4-amino-3-
(p-chlorophenyl)butyric acid (Baclofen or PCPGABA) 3
is also one of the most promising drugs in the treatment
of the paroxysmal pain of trigeminal neuralgia® as well
as spinal spasticity without influencing sedation.’ Baclofen
is commercialized in its racemic form as Lioresal® and
Baclon®; however, literature observations suggested that
the biological activity of 3 resides in the (R)-enantiomer.'”
Another GABAergic agonist recently commercialized is
(S)-3-aminomethyl-5-methylhexanoic acid (Pregabalin) 4,
a potent anticonvulsivant related to the inhibitory neuro-
transmitter y-aminobutyric acid,'' but in this case the
biological activity resides in the (S)-enantiomer.!2
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Over recent years, there has been increasing interest in the
development of new achiral and chiral y-amino acid deriv-
atives. Typical representative agonists, partial agonists,
and antagonist GABA derivatives with pharmacological
and therapeutic activity that show an interaction with mod-

ulatory sites associated with GABA receptors are shown in
Figure 1.
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Figure 1. Structures of GABA derivatives that show agonist, partial
agonist and antagonist effects at GABA receptors.

On the other hand, over the past few years, y-amino
acids have been a focus of attention due their potential
application in the design and synthesis of o,y- and B,y-
hybrid peptides (oligomers) that fold into definite second-
ary structures. These peptides being unusual foldamers
and novel helical folds are an interesting field for synthetic
chemists.'? Additionally, it has recently been reported that
lineal and cyclic y-amino acids can be a considerable prom-
ise for the design of nanotubes, o, y-peptides segments with
novel structural and internal cavity properties, and these
compounds called self-assembling peptide nanotubes
(SPNs) have attracted attention recently, because of the
probable ease with which they may be endowed with struc-
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tural and functional properties of interest for applications
in biology and materials science.'*

Another important y-amino acid is 4-amino-3-hydroxy-
butyric acid (GABOB) 21, an unusual amino acid that
has been recently identified as a key fragment of the micro-
sclerodermins, a family of marine cyclic peptides possessing
antitumor and antifungal activity.' It is also a well known
drug substance that functions as an agonist of a-amino-
butyric acid (GABA) 1 and is a compound of great phar-
macological importance due to its biological function as
a neuromodulator in the mammalian central nervous sys-
tem due to its hypotensive and antiepileptic activity.'® In
this context, the (R)-GABOB 21 has been found to have
a greater biological activity than the (S)-enantiomer.!”
GABOB has also been used as a synthetic precursor for
some heterocyclic GABA-receptor agonists.!® Moreover,
the related (R)-carnitine 22, readily available by methyl-
ation of 21 or by other methods, plays an important role
in human energy metabolism via transport of the long
chain fatty acids into the mitochondria.!® In addition, it
has been found that (R)-carnitine 22 has clinical applica-
tions as a hypolipidemic agent in hemodialysis patients as
well as in the treatment of myocardial ischemia and seizure,
whereas (S)-carnitine acts as a competitive inhibitor of car-
nitine acyltransferase causing depletion of (R)-carnitine.

OH O OH O
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On the other hand, (35,4S5)-4-amino-3-hydroxy-6-methyl-
heptanoic acid (statine) 23 is an unusual f-hydroxy-y-amino
acid, and is an essential component of pepstatine 24,20 a
natural hexapeptide antibiotic, which acts as an inhibitor
of aspartic acid protease.?! Aspartic protease plays a cru-
cial role in the onset or proliferation of many diseases,
including AIDS (HIV protease),??> hypertension (renin),??
malaria (plasmepsin), and Alzheimer’s disease (p-secre-
tase). In this context, it has been found that the B-hydroxy
group of the statine is important for tight binding of peps-
tatine, and its stereochemistry has a large effect on protease
inhibition, a syn diastereoisomeric relationship between the
amine and hydroxy groups being required.*
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Norstatine 25, cyclohexylstatine 26, isostatine 27, (3R,4.5)-
3-hydroxy-4-methylamino-5-phenylpentanoic acid 28, and
dolaproine 29 have been also used in the synthesis of

potentially therapeutic small peptides, including Tamanda-
rin A 30,%° Hapalosin 31,%° and Dolastatine 10 32.’

(R)-3-Amino-4-(trimethylammonio)butanoate [(R)-amino-
carnitine] 33%® and (35,45)-3,4-diamino-6-methylheptanoic
acid (3-aminodeoxystatine or aminostatine) 34%° are also
very important derivatives. In fact, (R)-aminocarnitine 33
and its N-acyl derivatives have shown powerful inhibitory
activity of fatty acid oxidation, hypoglycemic, antiketo-
genic’® and antidiabetic activity.>! On the other hand,
aminostatine 34 has been incorporated in small peptides
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and recently their human rennin inhibitory activity has
been evaluated.>”® Nevertheless, in spite of their signifi-
cance these compounds have not been considered in this
review, because we have adopted the criterion that the pres-
ence of an additional amino group in the o- or B-position
of a y-amino acid results in compounds better considered
as o- or B-amino acid derivatives.
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The above information shows that the biological activity of
v-amino acids is largely determined by the absolute config-
uration of the stereogenic carbon atom, and over the recent
years, a significant number of methods for the stereoselec-
tive synthesis and practical application of chiral y-amino
acids and derivatives have been reported, which clearly
show the theoretical interest and practical importance of
v-amino acids. The present review covers the stereoselective
synthesis of linear and cyclic y-amino acids substituted in
different positions,*> and their biological and chemical
importance.

2. Stereoselective synthesis of y-amino acids
2.1. a-Substituted y-amino acids

(R)-4-Amino-2-methylbutanoic acid [(R)-2MeGABA]8, an
important GABA antagonist,®* was obtained for the first
time more than 40 years ago by resolution procedures.
Thus, treatment of (4)-2-methyl-4-phthalimidobutyric acid
36, readily obtained from 2-methylbutyrolactone 35 with
quinine gave a mixture of diastereoisomeric salts, which
by crystallization and subsequent hydrolysis afforded enan-
tiomerically pure (R)-36 and (S)-36 in 23% and 18% yield,
respectively. Finally, hydrazinolysis of (R)-36 afforded the
enantiomerically pure (R)-2MeGABA 8 in 91% yield
(Scheme 1).34
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Scheme 1.

More recently, Duke et al.?> reported the synthesis of enan-
tiomerically pure (R)- and (S)-2MeGABA 8 in seven steps
using tiglic acid ethyl ester as the starting material. In this
context, treatment of tiglic acid ethyl ester 37 with N-
bromosuccinimide, followed by coupling with potassium
phthalimide, afforded ethyl 4-phthalimido-2-methylbut-2-
enoate 38. Catalytic hydrogenation of ester 38, followed
by hydrolysis, gave (+)-2-methyl-4-phthalimidobutanoic

acid 36. Condensation of carboxylic acid 36 with (R)-pan-
tolactone 39 produced a mixture of diastereoisomeric pan-
tolactone esters (S,R)-40 and (R,R)-41. Hydrolysis of
diastereoisomers (S,R)-40 and (R,R)-41 gave enantio-
merically pure (S)- and (R)-2MeGABA 8, respectively
(Scheme 2).
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Scheme 2.

Camps et al.>¢ have reported the preparation of (R)- and
(S)-N-Boc-a-aryl-y-amino acids 47a—c involving, as the
key step, the deracemization of (%)-3-cyano-2-arylprop-
ionic acids 43a—c readily available from methyl arylacetates
42a—c, using (R)- or (S)-N-phenylpantolactam 44 as the
resolution agent. Thus, treatment of (£)-3-cyano-2-aryl-
propionic acids 43a—c¢ with PCls followed by the condensa-
tion with (R)-N-phenylpantolactam 447 afforded a
diastereoisomeric mixture of N-phenylpantolactam esters
(R,3'R)-45a—c and (a.S,3’'R)-46a—c in a 93:7 diastereoiso-
meric ratio. Basic hydrolysis of diastereoisomerically pure
(R, R)-pantolactam esters 45a—c gave the carboxylic acids
43a—c, which by catalytic reduction of the cyano group and
subsequent treatment with di(zert-butyl)dicarbonate
(Boc),O produced the (R)-N-Boc-a-aryl-y-amino acids
47a— in >99% ee (Scheme 3). The same reaction sequence
was followed for the preparation of y-amino acids (.S)-47a—
¢ using the (S)-N-phenylpantolactam.

Asymmetric synthesis is a key methodology in modern or-
ganic chemistry.’® A great variety of strategies for the for-
mation of stereoisomerically pure organic compounds have
been developed. Stereocenters present in the starting mate-
rial are used to direct the trajectory of an incoming reagent
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(substrate induction) or chiral reagents leading to stereo-
chemical differentiation at the reactive center (reagent
induction). In this context, enantiomerically pure acyl-
oxazolidinones, Evan’s oxazolidinones, have proven to
be versatile intermediates for the synthesis of a wide variety
of compounds of biological interest.>® For example, the
reaction of lithium or sodium enolates derived from (4S,
5R)-3-acyl-4-methyl-5-phenyl-1,3-oxazolidin-2-ones 48a—c
with bromoacetonitrile at —78 °C afforded the cyanome-
thylated product 49a—c¢ with moderate chemical yield and
diastereoselectivity. Selective hydrolysis of the oxazolidi-
none chiral auxiliary 49a—c using lithium hydroxide in
aqueous THF at —10°C gave the corresponding cyano
derivatives (S)-43a and (R)-43d-e, which on catalytic
hydrogenation afforded the a-substituted y-amino acids
50a,b and (R)-8 (Scheme 4).4°
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Scheme 4.

In a similar way, Wustrow et al.*! have reported the stereo-
selective synthesis of (.5)-2-(2-aminoethyl)-4-methylpenta-
noic acid 50c, an analogue of pregabaline 4, using the
(4R,5S5)-3-acyl-4-methyl-5-phenyl-1,3-oxazolidin-2-one 51
as a starting material (Scheme 5).
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LiOH, THF
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Scheme 5.

On the other hand, Michael addition of the titanium
enolate derived from N-propionyloxazolidinone 53 to tert-
butyl acrylate afforded ester 54 as a single diastereoisomer
in 88% yield. Hydrolysis of tert-butyl ester in 54 with
trifluoroacetic acid (TFA) followed by Curtius rearrange-
ment of the resulting carboxylic acid with diphenylphos-
phoryl azide (DPPA), Et;N and fert-butyl alcohol gave
55, which upon hydrolysis with lithium hydroxide and
hydrogen peroxide provided the (S)-N-Boc-2MeGABA
47d in 96% yield (Scheme 6).4?
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Scheme 6.

Similarly, Michael addition of the titanium enolate gener-
ated from N-acyloxazolidinones 56a-c¢ to nitroethene
afforded the a-substituted y-nitro derivatives 57a—c in high
diastereoselectivity. Catalytic hydrogenation of 57a—c¢ in
the presence of Raney-nickel led directly to the y-lactams
58a—c. Treatment of the y-lactams 58a—c with di(zert-butyl)-
dicarbonate (Boc),O followed by basic hydrolysis gave the
N-Boc-a-substituted y-amino acids 47d—f (Scheme 7).43

Highly enantioselective palladium-catalyzed allylic substi-
tution reactions have been achieved by many research
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groups.** Williams et al.*> have employed this methodol-
ogy as the asymmetry-producing key step in the synthesis
of enantiomerically enriched (R)-2MeGABA 8 and (S)-
2PhGABA 50a. Thus, addition of methyl cyanoacetate to
allylic acetates 59a,b in the presence of (4S)-4,5-dihydro-
4-isopropyl-2-[2-(diphenylphosphino)phenyl]-1,3-oxazole 60
and [Pd(allyl)Cl], afforded the cyanoester derivatives
61a,b with moderate to good enantioselectivity. Decarbox-
ylation of cyanoesters 61a,b under Krapcho conditions*®
gave the corresponding nitriles 62a,b. Reduction of the
cyano group with LiAlH4 followed by protection of the
resulting amino group with benzylchloroformate (CbzCl)
led to carbamates 63a,b. Oxidative cleavage of the double
bond and subsequent deprotection of the Cbz group under
catalytic hydrogenation provided enantiomerically pure
(R)-2MeGABA 8 and (S)-2PhGABA 50a (Scheme 8).
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2.2. B-Alkylsubstituted y-amino acids

(S)-3-Aminomethyl-5-methylhexanoic acid (Pregabalin) 4
or CI-1008, as it has been named by Parke-Davies, is pos-
sibly the most important B-substituted y-amino acid, since

it is more active than gabapentin in preclinical models of
epilepsy,*’ although early studies showed that only the
(S)-enantiomer has the desired pharmacological activity.
Therefore, a short and efficient synthesis of enantiomeri-
cally pure (S)-pregabalin is of great interest. In this context,
in 1997 Hoekstra et al.'> published a mini review, which in-
cluded several manufacturing processes for the preparation
of (S)-pregabalin 4, and we describe herein an update over
stereoselective synthesis of (S)-pregabalin and derivatives
from 1997 to 2006.

In order to obtain the (R)-N-Boc-pregabalin methyl ester
66, Brenner and Seebach*’ carried out the Michael addition
of the titanium enolate generated from N-acetyloxazolidi-
none 56d, to the appropriate nitroalkene, obtaining the
B-substituted y-nitro derivative 64 in high diastercoselectiv-
ity and with a moderate chemical yield. Catalytic hydroge-
nation of 64 led directly to the y-lactam (R)-65. Protection
of the amino group in 65 with di(terz-butyl)dicarbonate
and subsequent methanolysis with MeONa provided the
(R)-N-Boc-pregabalin methyl ester 66 (Scheme 9).
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Scheme 9.

On the other hand, Yuen et al.*® have reported the stereo-
selective synthesis of enantiomerically pure (R)- and (S)-
pregabaline 4. In this context, the reaction of the lithium
enolate derived from N-acyl-(4R,5S)-4-methyl-5-phenyl-2-
oxazolidinone 51 with benzyl bromoacetate afforded the
alkylated product 67 in 53% yield and >95% ee. Cleavage
of the chiral auxiliary in 67 with LiOH in the presence of
H,0, followed by treatment with sodium sulfite and sodium
bisulfite gave the corresponding carboxylic acid 68. Reduc-
tion of the carboxylic acid with borane dimethyl sulfide com-
plex, followed by tosylation and subsequent reaction with
sodium azide gave the derivative 69 in 64% overall yield.
Catalytic hydrogenation of the azide function followed by
hydrolysis of the benzyl ester provided (S)-pregabaline 4
(Scheme 10). In a similar way, the N-acyloxazolidinone 70
was transformed into (S)-y-amino acid B-(2-furylmethyl)-
substituted 71, an analogue of pregabalin 4. (R)-y-Amino
acid 71 can be obtained using the (4S,5R)-4-methyl-5-
phenyl-2-oxazolidinones 51 and 70, respectively.

On the other hand, Wustrow et al.*! have reported the
stereoselective synthesis of (3R,4S)-3-aminomethyl-4,5-di-
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methylhexanoic acid 79, which is a substituted analogue of
pregabalin 4. In this context, Michael addition of MeMgCl
in the presence of CuBr to ao,B-unsaturated imide 72a, read-
ily available, furnished 73 as a single diastereoisomer in 80%.
The reaction of the lithium enolate derived from 73 with
tert-butyl bromoacetate gave the alkylated product 74 again
as a single diastereoisomer. Cleavage of the oxazolidinone
with LiOH in the presence of H,O, gave the corresponding
carboxylic acid 75 in 66% yield. Reduction of carboxylic
acid with borane dimethyl sulfide complex, followed by
treatment with p-toluenesulfonic acid, gave directly the
y-lactone 76 in 84% yield. The ring opening of 76 with an
anhydrous ethanolic solution of HBr led to the correspond-
ing bromo ester, which by displacement with sodium azide
gave derivative 77 in 68% overall yield. Catalytic hydroge-
nation of the azide function followed by hydrolysis of y-lac-
tam 78 led to the (3R,4S5)-y-amino acid 79 (Scheme 11).

In a similar way, (3R,4R)-3-aminomethyl-4,5-dimethyl-
hexanoic acid 81 could be obtained from N-acyloxazolidi-
none 80, readily available from o,B-unsaturated imide
72.4° However, alkylation of the lithium enolate derived
from 80 with zert-butyl bromoacetate afforded a 3:1 mix-
ture of inseparable alkylated products 82 and 83 (Scheme
12). The low diastereoselectivity was explained by 1,3-
allylic strain effects on the enolate.>®

An alternative strategy for obtaining (3R,4R)-81 has been
reported by using the chiral y-lactone 84 readily available

P.h
N MeMgCI / \
= Y CuBroms Y
0O o 80% o]
759, |1+ LDA THF, -20°C
® | 2. BrCH,CO,t-Bu
CO,t-Bu tBuO,C
_<LOH. H0;
~H0 THF
66%
84%11. BH,.DMS
2. PTSA, THF
1.HBr EOH
2. NaN3/DMSO
68%
quant.in, Pd/C
6N HCI N*H
~
(3F1',4S) 79 78
Scheme 11.
Ph
N b
\/Y Y
O (e}
72b
N i-PrMgCl
80% | cuBr-DMS
(0]
OH
)\/Y Yo
NH,
(3R,4R)-81
755, |1+ LDA THF, 20°C
" | 2. BrCH,CO,t-Bu
Ph Ph
+BuO,C #£BUO,C_
"y ey
o} i 0 0
82 3:1 83
Scheme 12.

in four steps from N-acyloxazolidinone 51. Thus, alkyl-
ation of the lithium enolate generated from deprotonation
of chiral y-lactone 84 with lithium bis(trimethylsilyl)amide
(LHMDS) with benzyl iodide afforded the corresponding
benzylated compound 85 in high frans-diastereoselectivity
and moderate yield, which on lactone ring opening with
HBr/anhydrous EtOH gave bromoester 86. Catalytic
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hydrogenation of the bromomethyl group in 86 gave ester
87. Reduction of ester 87 with LiAlH,, followed by treat-
ment with acetic anhydride, led to the acetylated product
88. Oxidative cleavage of the phenyl ring and subsequent
hydrolysis and treatment with HBr/EtOH gave the frans-
disposed bromoester 89. Displacement of the bromide with
sodium azide followed by catalytic reduction of the azide
function and subsequent hydrolysis afforded the pregabalin
analogue (3R,4R)-81 (Scheme 13).

e P! o
four steps

N o ——==_ éo
Me Ph W

51

/\itOE t <HBr
EtOH
86
"

2. PhCH,l, -78°C

Aé

58%11 LHMDS, THE

85
Pd/C
Ph OEt 1. LIAHy/THF
- 2. Aozole
w 99%
45%from 85 1. RuCls,N alO,
66% | 2. K,CO5/MeOH
3. HB/EtOH
(0]
OH  1.NaNg, DMSO OEt
2. Hp, PA/C
3. 6MHCI
NH2 31%

(3R,4R)-81

Scheme 13.

Recently Armstrong et al.>! have reported the synthesis of
enantiomerically pure (R)-pregabalin 4 via conjugate addi-
tion of cyanide to chiral o,B-unsaturated oxazolidinone 90.
In this context, conjugate addition of commercial acetone
cyanohydrin to o,B-unsaturated oxazolidinone 90 in the
presence of Sm(Oi-Pr); afforded the hydrocyanated prod-
uct 91 in 75% yield and 88:12 dr. Catalytic hydrogenation
of diastereoisomerically pure 91 using platinum oxide gave
the corresponding y-lactam (R)-65 in 75% yield and 96%
ee, whose acidic hydrolysis produced the (R)-pregabalin 4
as a hydrochloride in 95% yield and 96% ee (Scheme 14).

More recently, the first asymmetric synthesis of ,-disub-
stituted y-amino acid 98 has been reported. In this context,
the treatment of 2-cyanopropanoate 92 with benzyl bro-
mide in the presence of K,COj; afforded benzylated product
93 in quantitative yield and 82:18 dr. Hydrolysis of diaste-
reoisomerically pure cyanoacetate derivative 93 gave the
corresponding carboxylic acid 94 in 93% yield, which was
converted into diazoketone 95 in excellent yield. Wolff rear-
rangement of 95 in the presence of silver benzoate in meth-

)\/\)k )k HO g )\M ﬁ
4>
Sm(Oi-Pr)3 N\ /O
_“ toluene, rt S
\ 75% \
90 91; 88:12dr
., | Ha PtO,
75 AlEtOH
/L/(in.HCI N
4M HCI
-
COH 125°C 0
(R)'4, 96% ee 95% (R)-Gs, 96% ee

Scheme 14.

anol produced ester 96. Catalytic hydrogenation of the
cyano group in 96 provided y-lactam 97, which by acidic
hydrolysis led to B,B-disubstituted y-amino acid 98
(Scheme 15).%?

CO,R* Cof"
Me CN  BnBr/acetone n CN
100% Me
92 93; 82:18 dr
93% lKOH/MeOH
OsCHN, Yo
Bny - CICOBuNMM )\
n CN 2. CHoNo/Et,0 CN
98%
% 94, 82:18 dr
o, | PhCO2Ag/EtsN
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CO,Me o]
Hy, Ra-Ni 3
Bn“)[cN NHyMeOH  Bn-u N—-H
Me 90% Mé
% 97
83%lHCI/A
on CO,H

Bn“‘ﬁ/NHz
O "
98

Scheme 15.

On the other hand, Quintero et al.>® have reported the syn-
thesis of (R)- and (S)-3MeGABA 102 via 5-exo-trig radical
cyclization reaction of free radical precursor 99, readily
available in two steps from (S)-oa-methylbenzylamine.
Thus, 5-exo radical cyclization of 99 with n-BusSnH in
the presence of catalytic amounts of 2,2’-azobisisobutyro-
nitrile (AIBN) afforded a mixture of pyrrolidinones 100
and 101 in 43% and 38% yield, respectively. Hydrogenoly-
sis and hydrolysis of 100 and 101 after separation gave (R)-
and (S)-3MeGABA 102, respectively (Scheme 16).

Catalytic methods for the synthesis of enantiomerically
pure compounds are of great importance for the prepara-
tion of biologically active substances.”* For example,
Sammins and Jacobsen® have described a highly enantio-
selective synthesis of pregabalin 4, via catalytic conjugate
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addition of cyanide to a,B-unsaturated imide 103. In this
context, the addition of TMSCN to imide 103 in the pres-
ence of (salen)AlIII catalysts (R,R)-104 generated the cyano
derivative 105 in excellent yield and enantioselectivity.
Basic hydrolysis of imide group in 105 gave carboxylic
acid 106, which by hydrogenation in the presence of HCI
afforded the (S)-pregabaline 4 as a hydrochloride salt
(Scheme 17).

=N, N=
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97%
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Scheme 17.

On the other hand, Ramsden et al.>® reported the enantio-
selective synthesis of (S)-pregabalin 4 using the asymmetric
hydrogenation of 3-cyano-5-methylhex-3-enoic acid tert-
butylammonium salt 107 as a key step. Thus, the asymmet-
ric catalytic hydrogenation of prochiral precursor 107, in
the presence of (R,R)-(Me-DuPHOS)Rh(COD)BF, 108
as a catalyst, gave the corresponding cyano derivative
109 in quantitative yield and 97.7% ee. Catalytic hydroge-
nation of the cyano function in 109 followed by treatment
with acetic acid provided (.S)-pregabalin 4 in 61% yield and
99.8% ee (Scheme 18). This process has been scaled up to
multi-kilogram quantities without significant difficulties.

Y\[ Hpstps W/\E/CN
H R)-108 ey
2 MeOH, 55 °C COM

100%

107; M = t-BuNH3 109; 97.7% ee

- o, |1-HaNi
BFy4 61% 2. AcOH
@ \+ OCDS
OCD3 \r\;ANHz
SCO,H
108
( R)- (54

Scheme 18.

In a similar way, the asymmetric hydrogenation of 107
using 1,2-bis(1R,25)-2-benzylphospholanoethane rhodium
(I) tetra-fluoroborate 1107 as a catalyst afforded the cyano
derivative 109 in 92% ee, whereas when using 1,2-bis-
(18,2 R)-2-benzylphospholanobenzene rhodium (I) triflate
111°% as the catalyst, it gave 109 in 96% ee (Scheme 19).

92% ee.

~CN 1o S \r\E/CN
OM i__OM

Ha, 30 psi ~r

(0]

(0] + MeOH, rt

107; M = t-BuNH3 ﬁ 109

/:
]

11

96% ee.

Ph

Scheme 19.

Enantiomerically pure B-cyclobutyl y-amino acid 115 from
(S)-verbenone was obtained by Ortufio et al.>® Thus, the
addition of nitromethane to (Z£)- and (E)-isomeric conju-
gated esters 112, which are readily available from (S)-ver-
benone,’® in the presence of tetra-n-butylammonium
fluoride (TBAF), produced the nitroester derivative 113
as only one diastereoisomer. It is noteworthy that the
geometry of the double bound did not influence the n-facial
diastereoselection of the nucleophilic addition, since the
same product was obtained from the corresponding (Z)-
or (E)-isomer. Catalytic hydrogenation of the nitro group
in 113 with ammonium formate in the presence of Pd/C
led to y-lactam 114, which by acidic hydrolysis afforded
v-amino acid 115 (Scheme 20).

2.3. B-Arylsubstituted y-amino acids (Baclofen analogues)

Despite the available alternative techniques, optical resolu-
tion via diastereoisomeric salt formation remains one of
the most widely used methods for preparing pure enantio-
mers.®! For example, treatment of (&)-3-(p-chlorophen-
yl)glutaramic acid 116 (GAM) with (S)-o-methyl-
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benzylamine [(S)-a-MBA] gave the diastereoisomeric salts
(R,S)-117 and (S,S)-118. Hydrolysis of (R,S)-117 after sep-
aration followed by Hoffmann degradation produced (R)-
baclofen 3 (Scheme 21).%2

cl
o] o) 'i"e
+ PN
HoN OH HoN Ph
()-116 6
cl
0 0 Me , (s9-118
.
HoN O HgN™ Ph
(RS)-117
1. NaOH, H,0
2. NaOCl
cl
o}
H,N
2 OH

(R)-Baclofen 3

Scheme 21.

4-Amino-3-phenylbutyric acid 125 (B-PhGABA) is used
clinically for different purposes, and can be obtained by
resolution using (R)-pantolactone 39. Thus, the reaction
of ao,B-unsaturated carboxylic acid 119, readily available
from acetophenone with SOCI, and (R)-pantolactone 39
provided ester 120, which was transformed into monobro-
minated product 121 using N-bromosuccinimide (NBS).
The reaction of 121 with potassium phthalimide

(PhtN"K™) gave 122, which by catalytic hydrogenation
gave a mixture of diastereoisomeric esters (R,R)-123 and
(S,R)-124, which were separated by crystallization or
HPLC. Finally, hydrolysis of both protecting groups in
(R,R)-123 and (S,R)-124 with HCI afforded the enantiome-
rically pure (R)- and (S)-B-PhGABA 125 (Scheme 22).9
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Scheme 22.

On the other hand, (R)- and (S)-N-Boc-4-amino-3-phenyl-
butyric acids 131 have also been obtained by resolution of
4-phenyl-2-pyrrolidinone derivative 127.% In this context,
the treatment of 127, readily obtained from commercially
available diethyl benzylidenemalonate 126 with (R)-phenyl-
glycinol gave a mixture of diastereoisomeric amides 128
and 129 in 40% and 36% yield, respectively, after separa-
tion by chromatography. One-pot hydrolysis and decar-
boxylation of 128 and 129 provided enantiomerically pure
(R)- and (S5)-130 in 91% and 95%, respectively. Finally,
protection of pyrrolidinones 130 with di(zert-butyl)-
dicarbonate followed by hydrolysis with lithium hydroxide
provided enantiomerically pure (R)- and (S)-N-Boc-y-
amino-3-phenylbutyric acids 131 (Scheme 23).

Recently, enantiomerically pure (R)- and (S)-baclofen 3
have been obtained by resolution using (R)- or (S)-N-phenyl-
pantolactam 44 as a chiral resolving reagent.®> In this
context, the addition of nitromethane to methyl p-chloro-
cinnamate 132 afforded the nitro derivative (4)-133.
Saponification of (4)-133 and subsequent esterification
with (R)-N-phenylpantolactam 44 gave in good yield a
50:50 diastereoisomeric mixture of the corresponding pan-
tolactam esters (R,R)-134 and (S,R)-135. Carefully con-
ducted column chromatography allowed the isolation of
(R,R)-134 with (>98:2 dr) and (S,R)-135 with 92:8 dr,
respectively. Hydrolysis of (R,R)-134 with LiOH followed
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by reduction of the nitro group and subsequent treatment
with hydrochloric acid afforded the enantiomerically pure
(R)-baclofen 3, as hydrochloride salt (Scheme 24). The
same reaction sequence was used for the preparation of
(S)-baclofen 3, using (S)-N-phenylpantolactam 44.

More recently, Felluga et al.®® have reported the prepara-
tion of both enantiomers of baclofen 3 and B-PhGABA
125 via an enzymatic process. Thus, the hydrolysis of race-
mic nitroester derivative (+)-133 using a-chymotrypsin in a
buffered solution at pH 7.4 afforded (R)-methyl ester 133
and (S)-carboxylic acid 137 in 99% and 96% ee, respec-
tively. Whereas the hydrolysis of (£)-136 under the same
conditions provided (R)-methyl ester 136 and (S)-carbox-
ylic acid 138 in 99.9% and 95% ee, respectively. Hydrolysis
of methyl esters (R)-133 and (R)-136, followed by catalytic
hydrogenation of the nitro group, led to (R)-baclofen 3 and
(R)-B-PhGABA 125, respectively. On the other hand,
reduction of the nitro group in (S)-137 and (S)-138 affor-
ded (S)-baclofen 3 and (S)-B-PhGABA 125, respectively
(Scheme 25).

Chénevert and Desjardins®’ have also reported the prepa-
ration of both enantiomers of baclofen, where the key step
was the enzymatic desymmetrization of methyl 3-(p-chloro-
phenyl)glutarate 140. In this context, esterification of
p-chlorocinnamic acid with methanol followed by the
base-catalyzed Michael addition of dimethyl malonate
afforded triester 139. Decarboxylation of 139 under Krap-
cho conditions gave the corresponding glutarate 140.

13
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Desymmetrization of glutarate 140 using o-chymotrypsin
in aqueous dimethyl sulfoxide (DMSO) produced the chiral
derivative (5)-141 in 85% yield and >98% ee. In a similar
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way, desymmetrization of 140 with pig liver esterase (PLE)
gave (R)-141 in only 80% ee. Curtius rearrangement of (S)-
141 followed by hydrolysis gave (R)-baclofen 3 in 40%
yield. On the other hand, treatment of (S)-141 with ammo-
nia in methanol followed by a Hoffmann rearrangement
using [bis(trifluoroacetoxy)iodoJbenzene [(CF;CO,),IC¢Hs]
gave (S)-baclofen 3 in 60% yield (Scheme 26).
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HO,C NH,
(S)-Baclofen 3

Scheme 26.

In a second approach, enzymatic desymmetrization of 2-(p-
chlorophenyl)-1,3-propanodiol 142 with porcine pancreatic
lipase (PPL) in the presence of acetic anhydride afforded
acetyl derivative (R)-143 in >96% ee, which by mesylation
and subsequent treatment with potassium cyanide gave cy-
ano derivative 144. Hydrolysis of the acetyl function in 144,
followed by mesylation, produced the corresponding mesy-
late 145. Treatment of 145 with sodium azide produced
146, which upon reduction of the azido group with triphe-
nylphosphine and subsequent hydrolysis of the cyano func-
tionality led to (R)-baclofen 3 in 46% yield (Scheme 27).7

On the other hand, enzymatic desymmetrization of 3-phenyl-
glutaronitrile 147 catalyzed by Rhodococcus sp. AJ270 cells
afforded the corresponding (S)-3-phenyl-4-cyanobutanoic
acid 148. Curtius rearrangement of (S)-148 gave 149, which
by acidic hydrolysis produced (R)-B-PhGABA 125.
Whereas basic hydrolysis of cyano group in (S)-148 pro-
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Scheme 27.

vided the corresponding amide 150, which by Hoffmann
rearrangement led to (S)-B-PhGABA 125 (Scheme 28).%8
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(R)-Baclofen hydrochloride 3 was prepared by a seven step
enantioselective synthesis involving a microbiological med-
iated Baeyer—Villiger oxidation as a key step. Thus, enzy-
matic oxidation of 3-(p-chlorophenyl)cyclobutanone 151
obtained from commercially available p-chlorostirene with
Cunninghamella echimulata NRLL 3655 afforded the corre-
sponding (R)-p-chlorophenyl lactone 152 in excellent
enantioselectivity and 31% yield. Regioselective lactone
opening with iodotrimethylsilane, followed by treatment
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with sodium azide, gave the corresponding azido ester (R)-
153 in 95% yield. Hydrolysis of (R)-153 followed by cata-
lytic hydrogenation and subsequent treatment with HCI
led to (R)-baclofen 3 as a hydrochloride salt (Scheme 29).°
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Scheme 29.

On the other hand, enzymatic hydrolysis of (%)-2-(p-chlor-
ophenyl)-4-pentenitrile 154 catalyzed by Rhodococcus sp.
AJ270 cells under very mild conditions afforded the enantio-
merically pure (R)-2-(p-chlorophenyl)-4-pentenamide 155
in 44% yield and 99.3% ee, and (.S)-2-(p-chlorophenyl)-4-
pentenoic acid 156 in 50% yield and 99.5% ee. Reduction
of the amide function in (R)-155 with LiAIH, gave the
corresponding amine (R)-157, which by oxidation with
the Jones’ reagent produced (R)-baclofen 3 (Scheme 30).7°
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Scheme 30.

Michael addition of Et,AICN to oxazolines 158a and 158b
derived from (R)-phenylglycinol gave a diastereoisomeric
mixture of cyanooxazolines derivatives (R,R)-159a and
159b and (R,S)-160a and 160b in 48% and 39% yield,
respectively, in a 3:1 ratio. Reduction of diastereoisomeri-
cally pure (R,R)-159a and 159b with NaBH, in the presence
of NiCl, afforded the corresponding amines (R,R)-161a
and 161b in good yield. Basic hydrolysis of the oxazoline
function in (R,R)-161a and 161b gave (R)-baclofen 3 and
(R)-B-PhGABA 125 in excellent yield (Scheme 31).”!
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Scheme 31.

More recently, Armstrong et al.>! have reported the synthe-
sis of enantiomerically pure (S)-baclofen 3 via the conju-
gate addition of cyanide to chiral o,B-unsaturated
oxazolidinone 162. In this context, conjugate addition of
commercially available acetone cyanohydrin to o,B-unsatu-
rated oxazolidinone 162 in the presence of Sm(Oi-Pr);
afforded the hydrocyanated product 163 in 74% yield and
84:16 dr. Catalytic reduction of diastereoisomerically pure
163 using NaBH, in the presence of NiCl,,6H,O gave the
corresponding y-lactam 164 in 51% yield and 99% ee,
which by acidic hydrolysis produced (S)-baclofen 3 in
98% yield and 99% ee (Scheme 32).
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Scheme 32.
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On the other hand, the Michael addition of nitromethane
in the presence of CsF to ester (R)-165 obtained by esteri-
fication of p-chlorocinnamic acid and (R)-N-phenylpanto-
lactam 44 gave a diastereoisomeric mixture of esters
(R,R)-134 and (S,R)-135 in a ratio 1:1.4. Ester (R,R)-134
in 96:4 dr obtained after column chromatographic purifica-
tion was transformed into (R)-baclofen 3 under identical
conditions described in Scheme 24 (Scheme 33).9

Ph
/
o ON-N
R
=7 o
/@/\A e
Cl
165
MeNO,
CsF
Cl
@ Ph
lz + OZN\/\A l{
)-134 14 (S,R)-135
1. LIOH/H,O/THF
2. Hp, Ra-Ni
3.2M HCI
Cl
HCI-H.N COsH
(R)-Baclofen 3
Scheme 33.

Diastereoselective synthesis of (R)-baclofen 3 has been
reported via the alkylation of N-acyloxazolidinone 166.
Thus, the reaction of sodium enolate of 166 with tert-butyl
bromoacetate afforded the alkylated product 167 in 82%
yield and diastereoselectivity >95:5. Regioselective hydro-
lysis of the oxazolidinone chiral auxiliary in 167 with
H,0,/LiOH led to the carboxylic acid derivative 168.
Selective reduction of carboxylic acid in 168 with BH;—
DMS complex, followed by treatment with camphorsulf-
onic acid (CSA), afforded the corresponding y-lactone
152 with less than 5% of racemization at the benzylic car-
bon. The reaction of y-lactone 152 with HBr/EtOH gave
the corresponding bromoester, which by treatment with
sodium azide gave azidoester 153. Reduction of the azide
function in 153 under Staudinger’? procedure, followed
by addition of 4-dimethylaminopyridine (DMPA) and sub-
sequent hydrolysis, provided (R)-baclofen 3 (Scheme 34).73

Recently, Enders and Niemeier’* reported the asymmetric
synthesis of (R)- and (S)-baclofen 3 employing the SAMP-
and RAMP-hydrazone methodology. In this context, the
reaction of lithium enolate generated from deprotonation
of SAMP-hydrazone 169 with lithium diisopropylamide
(LDA) with methyl bromoacetate afforded the alkylated
product 170 in 97% yield and >96% de. Oxidative removal

UL, e T,
N o) 1. NHMDS, THF J)k
2. BrCH,CO,t-Bu
%—/ -78°C 46—/
82%

+BuO,C

166 167; 95:5 dr
,, |LioHH0,
cl 78 A’l H,0, 0°C
>:._ 1. BHz-DMS c O
% 2. CSA, reflux
.CSA, ” OH
[ :O 75%
e} t—BUOgC
(R)-152 168
o, | 1. HBI/EIOH
84% lz. NaN/DMSO
Cl Cl

O Na 1 phyp. H,0 O NH,.HCI
Z _— z
2. DMAP, A
3. HCI
OEt 1% OH

o o]
(R)-153 (R)-3.HCl

Scheme 34.

of the auxiliary in 170 with magnesium monoperoxyphtha-
late (MMPP) led to cyano derivative 171 in 92% yield and
95% ee, which by reduction with NaBH, in the presence of
NiCl, and subsequent acidic hydrolysis with HCI gave (R)-
baclofen 3 in 60% yield (Scheme 35). Enantiomerically pure
(S)-baclofen 3 was obtained using RAMP-hydrazone (R)-
162 as the starting material.

/Q
N OMe 1-LDA THF

|
2. BrCH,CO,Me ~ MeO

/Q
N OMe

H . H
-100 °C o
97%
Cl Cl
(S)-169 170; 96% de
., | MMPP.6H,0
92% MeOH/buffer 7
MeO. CN
HO NH, .
0 1. NaBH,/NiCl, o
2. HCI
60%
Cl Cl
(R)-3 171; 95% ee
Scheme 35.

Metallocarbenes have been used in the stereoselective syn-
thesis of several organic molecules.”” For example, the
Michael addition of the lithium enolate of enantiomerically
pure amino carbene complex generated from 172 and
n-Bulli, to trans-p-chloronitrostyrene afforded B-substituted
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v-nitro derivative 173 as a mixture of two diastereoisomers
in 76% de. The appropriate separation gave diastereoiso-
merically pure (S,S,R)-173, which was transformed into
the corresponding nitroamide 174 using cerium ammonium
nitrate (CAN) as the oxidizing agent. Catalytic hydrogena-
tion of 174 led to the aminoamide derivative 175, which by
hydrolysis with HCI provided (R)-baclofen 3 as hydrochlo-
ride salt (Scheme 36).7¢

Me Me
O/H 1. n-BuLi, THF OJ\ N2
. n-BulLl
o Me ——— _\n\ N
Me" NT 2. ACH=CHNO, Me T\‘)
(CO)sCr 90% (CO)sCr  Ar

172 (S,5,R)-173; 76% de
lCAN, acetone

Me Me

lGM HCI
HO.
NH, HCI

(R)-3.HCI
Ar = p-CICgH4

Scheme 36.

On the other hand, Palomo et al.”” have reported the syn-
thesis of B-aryl substituted y-lactams (S)-164 and (.5)-130,
which are key precursors of (S)-baclofen 3 and (S)-p-Ph-
GABA 125, respectively. In this context, the addition of
sodium enolate generated from deprotonation of methyl
ketone 176 readily available from (1R)-camphor’® and
NHMDS, to nitrostyrene derivatives afforded nitro com-
pounds 177a,b. Treatment of 177a,b with excess of cerium
ammonium nitrate (CAN) followed by esterification with
diazomethane gave nitromethyl esters (S)-133 and (S5)-
136, respectively. Reduction of nitro group in (S)-133
and (S)-136 directly led to y-lactams (S)-164 and (.S5)-130,
respectively, which are precursors of (S)-baclofen 3 and
(S)-B-PhGABA 125, respectively (Scheme 37).

Coelho et al.”” in 1999 reported an efficient synthesis of
(R)-baclofen 3 based upon the enantioselective deprotona-
tion of prochiral 3-(p-chlorophenyl)cyclobutanone 178.
Thus, the enantioselective deprotonation of ketone 178
with lithium (S,S)-bisdimethylbenzylamide 179, followed
by the addition of triethylsilyl chloride, gave silylenol
ether 180, although the enantiomeric excess could not be
determined at this stage. Ozonolysis of silylenol ether
180 and subsequent reduction of the ozonide with sodium
borohydride produced (R)-p-chlorophenyl lactone 152 in
excellent enantioselectivity (=97%). On the other hand,
treatment of the ozonide derived from 180 with DMS fol-
lowed by reduction with sodium cyanoborohydride in the
presence of ammonium acetate and subsequent acidic

ref. 78
1 HC=CLi
2. HgO, H+ OTMS

3. MesSiCl
(1R)- Camphor
176
1. NHMDS
2. ArCH=CHNO,
3. TBAF/MeOH
O Ar OH
MeOM/NOZ 1.CAN Ar
2. CHoNy NO
(S)-133; 89% 9 2
(S)-136; 85% 177a; Ar = p-CICgH,
Hy 177b; Ar = CgHs
Ra-Ni
Ar
I TS
NH
o N >, HOM/ 2
|l| (S)-3; Ar = p-CICgH,

(S)-164; Ar = p-CICgH, (8)-125; Ar = CgHs

(S)-130; Ar = CgHs

Scheme 37.

hydrolysis led to (R)-baclofen 3 in 70% yield and 97% ee

(Scheme 38).
% bi
2. Etgslcl
OSiEtg

70%

cl 1. 0y, CH,Cl,,- 78°C

1 Os, MeOH, 78°C
2. NaBH, 70% 15 DMS, -78°C
3. dil. HCI o overall
70% yield |3 NaBHCN, NH,0Ac
)-152

4.6M HCI, 100°C

e

(R)-3; 97% ee

Scheme 38.

Chiral tricarbonyl chromium complexes have emerged as
valuable substrates for the stercoselective synthesis of
enantiomerically pure organic and organometallic
compounds.®® In this context, the Michael addition of
nitromethane under phase transfer catalysts to enantio-
merically pure (15)-tricarbonyl(ethyl-p-chloro-2-trimethyl-
silylcinnamate) chromium(0) 182, obtained from the
chiral aldehyde (1S5)-181 by means of Horner—Wads-
worth-Emmons reaction, afforded the nitroester derivative
(S,R)-183 in high diastereoselectivity. Treatment of
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(S,R)-183 with tetra-n-butylammonium fluoride (TBAF)
followed by exposure to air and sunlight led to nitroester
(R)-184 in 100% yield. Catalytic hydrogenation of (R)-
184 using Raney-nickel as catalyst produced vy-lactam
(R)-164 in 50% yield, and ethyl 3-(p-chlorophenyl)-4-
aminobutanoate (R)-185 in 35% yield, which was converted
into (R)-164 by means of refluxing in xylene. Finally,
hydrolysis of (R)-164 with hydrochloric acid provided the
enantiomerically pure (R)-baclofen 3 as a hydrochloride
salt (Scheme 39).%!

o CO,Et
0 |
‘ = H (EtO),P~_ COEt | =
2 _  » ~
CI” % siMe;  LHMDS CI” % > SiMe,
Cr(CO), THF, Cr(CO);
(19)-181 (19)-182
89% MeNO,/TEBA
K>CO3
CO,Et
OzEt
<BuNF
2 hv, air SiMey
100% er(co),
(R)-184 (S,R)-183; 96% de
H2
Ra Ni
(R)-164; 50% 185; 35%
lHCI
COLH
/{:Hi/NHZ_HCI
cl

(R)-3.HCI

Scheme 39.

Reaction of the carbenoids derived from a-diazo carbonyl
compounds using rhodium(II) catalysts has been in the
ascendancy and attracted the attention of many chemists
for diverse synthetic applications.®?> For example, the cycli-
zation reaction of N-p-chlorophenylethyl-N-p-nitrophenyl-
a-methoxycarbonyl-a-diazoacetamide 186 in the presence
of chiral Rhy(S-PTTL), 187 as catalyst afforded trans-3-
methoxycarbonyl-4-(p-chlorophenyl)-2-pyrrolidinone 188
in 83% yield and 82% ee. Decarboxylation of 188 under
Krapcho conditions gave y-lactam (R)-189, which by cleav-
age of p-nitrophenyl group under oxidative conditions led
to (R)-y-lactam 164. Hydrolysis of 164 with hydrochloric
acid gave (R)-baclofen 3 as the hydrochloride salt (Scheme
40).83 This protocol has also been used for the preparation
of several chiral y-lactams.

Similarly,?* treatment of 2-(p-chlorophenyl)ethyl diazoace-
tate 190 in the presence of a catalytic amount of chiral

FBU. _NPht
H
n‘h/—R‘h/
MeO,C.__N, MeO G~ Ar
j\ j Rhg(S PTTL)4 187 \
CH20|2 (O]
|
186 83% Ar'
. 0,
Ar = p-CICeH, 188; 82% ee
Ar' = p-NO,CgH, ., |NaciH,0
96 /"l DMSO
Ar Ar
Ho \ 1. Fe, AcOH D
(R-3.HCl =~ & 2. CAN, MeCN (y
74% N 93% N
H Ar'
(R)-164 189
Scheme 40.

dirhodium(II) carboxamidate Rhy(4S-MPPIM), 191 as
catalyst afforded (R)-y-lactam 152 in 81% yield and 95%
ee (Scheme 41).3% (R)-y-Lactam 152 was transformed into
(R)-baclofen 3 under an identical protocol as described in

Scheme 34.
CIGI %

CHN, RhoLy191

il
O 81%
190 (R)-152; 95% ee
MeO
(0]
Ph
N—i4Rh2
;r”%i
o) (0]
Rh,(45-MPPIM),
191 coH

(R)-3

Scheme 41.

Enantioselective Michael addition of nitromethane to p-
chlorobenzylideneacetophenone 192 in the presence of
cinchoninium salt 193 as a chiral catalyst gave the nitro
derivative compound 194 with an R/S selectivity of 85/15
and 89% yield. Recrystallization of this product furnished
(R)-194 in 95% ee. Baeyer—Villiger oxidation of (R)-194
afforded y-nitro ester 195 in 90%, which by reduction with
NaBHy in the presence of NiCl, gave (R)-y-lactam 164 in
65% vyield. Hydrolysis of (R)-y-lactam 164 with HCI led
to (R)-baclofen 3 as hydrochloride salt (Scheme 42).3¢

On the other hand, the 1,4-addition of p-chlorophenylbo-
ronic acid to ethyl (2E)-4-[(tert-butoxycarbonyl)amino]-
but-2-enoate 196 in the presence of a catalytic amount of
[Rh(acac)(C,Hy),], (S)-BINAP, and Cs,CO; afforded
y-amino ester 197 in 96% and 89% ee. Hydrolysis of 197
gave (R)-baclofen 3 (Scheme 43).%7
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Recently, Sudalai et al.®® have used the Ru(II)-(S)-BINAP
as a catalyst in the asymmetric hydrogenation of ethyl 4-
azido-3-(p-chlorophenyl)-2-butenoate 198 readily obtained
from p-chloroacetophenone. Thus, the hydrogenation of
198 in the presence of Ru(Il)-(S)-BINAP in MeOH at
200 psi of H, at 50 °C produced the azide derivative 153
in 68% yield and 68% ee. On the other hand, when the
hydrogenation of 198 was performed at 500 psi of H, at
25°C, it afforded y-lactam 164 in 80% yield and 65% ece.
Reduction of the azido group in 153 with NaBH, in the
presence of CoCl, gave y-lactam (R)-164, which by hydro-
lysis with HCI led to (R)-baclofen 3 as the hydrochloride
salt in 76% yield and 67% ee (Scheme 44).

On the other hand, the asymmetric reduction of the keto
function of B-ketoester 199 readily available from p-chloro-

80%
(R)-164 (R)-153; 68% ee

76%l6M HCI

NH,-HCI

/@ COLH
cl

(R)-3-HCI, 67% ee

Scheme 44.

benzaldehyde, using Ru(II)-(S)-BINAP complex as catalyst
and H, at 800 psi at 30 °C gave (R)-B-hydroxy ester 200 in
95% yield and 96% ee, which by treatment with PBr; pro-
duced bromo derivative (S)-201 in 79% yield with complete
inversion of the configuration. Nucleophilic displacement
of bromide in (S5)-201 with NaCN afforded cyano ester
(R)-202 in 88% yield. Chemoselective reduction of the cya-
no group with NaBH, in the presence of NiCl, led to (R)-y-
lactam 164 in 75% yield and 92% ee. Acidic hydrolysis of
(R)-164 provided (R)-baclofen 3 as the hydrochloride salt
in 26% and 90% ee (Scheme 45).58

¢ Rul{(9)-BINAP__ Et
Hg 800 psi
MeOH, rt
95% R)-200; 96% ee

799 PBr,/Py
°|Et,0, -20°C

NaCN
DMF
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(R)-202
NaBH,4, MeOH
75% | NiCl,.6H;0
/NH2
CO,H
6M HCI 2
100°C
R)-164 R)-3-HCI, 90% ee

Scheme 45.

Bispyridylamide 204 derived from (1R,2R)-1,2-diamino-
cyclohexane has served as an efficient ligand for
molybdenum-catalyzed asymmetric allylic alkylation.®’
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For example, Moberg et al.”® have employed this method-
ology as a key step in the enantioselective synthesis of (R)-
baclofen 3. Thus, an allylation reaction of sodium dimethyl
malonate with the allylic carbonate 203 in the presence of
bispyridylamide 204-Mo(CO)¢ complex and N,O-bis(tri-
methylsilyl)acetamide (BSA) afforded the alkylated product
205 in 78% yield and 96% ee. Decarboxylation of the gem-
inal diester 205 under Krapcho conditions (NaCl, DMSO/
H,0) afforded the homoallyl ester 206. Ozonolysis of 206
followed by reduction with NaBH3CN in the presence of
NH4OAc and subsequent hydrolysis led to (R)-baclofen 3
as a hydrochloride salt in 22% overall yield from 206
(Scheme 46).

NH HN
OCOgMe
N 204 N

_ Mo@O)
al BSA, NaCH(COZMe
(+)-203 THF, MW R)-205; 96% ee
78%
809, | NaCVH0
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2 1. 03, -78°C OMe
2. NH;OAc, NaBH;CN _
-
3. 2MNaOH, rt
4. HCI
cl NH, HCI oo, ol
(A)-3-HCI (R)-206
Scheme 46.

On the other hand, the Michael addition of diethyl malon-
ate to trams-p-chloronitrostyrene 207 in the presence of
enantiomerically pure thiourea 208 afforded nitro-diester
209 in 80% and 94% ee, which after single recrystallization
led to (R)-209 in 99% ee. Reduction of (R)-209 with NaBH,
in the presence of NiCl, produced derivative 210, which
after hydrolysis and decarboxylation gave (R)-y-lactam
164 in 84%. Finally, acidic hydrolysis of (R)-164
gave (R)-baclofen 3 as hydrochloride salt in 94% yield
(Scheme 47).%!

The ready availability and low cost of enantiomerically
pure o-amino acids recommend them as a suitable chiral
pool for obtaining starting materials for targeted transfor-
mations.”> A two-carbon homologation of o-amino acids
has been used as a good strategy for obtaining interesting
compounds. For example, treatment of D-phenylglycinol
readily available from D-phenylglycine with tosyl chloride
in pyridine afforded the corresponding ditosylate derivative
211 in 77% yield, which by reaction with potassium diethyl
malonate gave y-lactam 212 in 85% yield, via intermediates
A and B. Acidic hydrolysis of 212 with hydrobromic acid
led to (S)-B-PhGABA 125 in 65% yield (Scheme 48).%3

(595)-1-tert-Butoxycarbonyl-5-zert-butyldiphenylsiloxymethyl-
1,5-dihydro-2 H-pyrrol-2-one  derivative 213  obtained
from (S)-glutamic acid®* has been used as a precursor in
the synthesis of (R)-baclofen 3. In this context, Michael
addition of the Grignard reagent p-CIC¢H4MgBr to (S)-
213 in the presence of CuBr,yDMS complex and chlorotri-
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Scheme 48.

methylsilane afforded 214 as a single diastereoisomer in
66% yield. Selective cleavage of the TBDPS protective
group with triethylammonium fluoride followed by oxida-
tion with NalOy in the presence of RuCl; produced the
carboxylic acid derivative 215, which by Barton decarbox-
ylation provided (R)-y-lactam 216. Hydrolysis of (R)-216
gave (R)-baclofen 3 as a hydrochloride salt in 64% yield
(Scheme 49).%3

Recently, Hayashi and Ogasawara®® have reported the ste-
reoselective synthesis of (R)-4-(p-chlorophenyl)-y-lactone
152, an important intermediate in the preparation of (R)-
baclofen 3. Thus, Michael addition of the Grignard reagent
p-CIC¢H4MgBr to enantiomerically pure (S)-4-cumiloxy-



M. Ordoriez, C. Cativiela | Tetrahedron: Asymmetry 18 (2007) 3-99 21

6 tepss

HOC COoH  ref. 94 f>\/
e
wl/ oy OTBDPS
NH, I
Boc
(S)-Glutamic acid (S5)-213
66% p-CICeH4MgBr
CuBr.DMS/TMSCI
@Cl @
1. Et,NHF"
-
[xr 2.RuCl3/NalOy [X/OTBDPS
50%
Boc
215 214

Barton-
decarboxylation

|
1. LIOH/H,0 é
—_— [e) -

2. 6MHCI i
HO)K/:\/NHZ.HCI

0" °N 64%
Boc (R)-3-HCI

64%

Scheme 49.

cyclopent-2-en-1-one 217 in the presence of Cul and chlo-
rotrimethylsilane afforded trans-3,4-disubstituted cyclopen-
tanone (3S5,4R)-218 as a single diastereoisomer. Treatment
of (3S,4R)-218 with acetic acid gave 4-arylcyclopent-2-en-
1-one 219 in 88% yield, which by reduction with NaBH, in
the presence of CeCl; led to cyclopentenol 220 as a 3:1 mix-
ture of two diastereoisomers. Ozonolysis of the double bond
in 220 followed by reduction with sodium borohydride and
subsequent oxidation with sodium periodate (NalOy)
provided hemiacetal 221 as a 17:1 mixture. Finally, treat-
ment of the hemiacetal mixture 221 with Fetizon reagent®’
gave (R)-4-(p-chlorophenyl)-y-lactone 152 (Scheme 50).%
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On the other hand, in 1995, Yoshifuji and Kaname®® de-
scribed the preparation of (R)-baclofen 3 from commer-
cially available trans-4-hydroxy-L-proline. In this context,
the oxidation of N-benzoylated methyl ester 222'% ob-
tained from trans-4-hydroxy-L-proline, under the Swern
protocol,!°! afforded ketoproline derivative 223 in 94%
yield. The addition of a Grignard reagent p-CICcH4;MgBr
to 223 in the presence of cerium chloride (CeCls) at room
temperature followed by treatment with thionyl chloride
and subsequent catalytic hydrogenation provided the
proline derivative 224. Hydrolysis of the ester group in
224 followed by decarboxylation and subsequent treatment
with di(zert-butyl)dicarbonate (Boc),O provided pyrrolidine
derivative 225. Oxidation of 225 with RuCl; and NalOy4
gave a mixture of (R)-3-(p-chlorophenyl)-2-pyrrolidone
226 and (R)-4-(p-chlorophenyl)-2-pyrrolidone 216 in 32%
and 51% yield, respectively. Finally, deprotection and
hydrolysis of enantiomerically pure (R)-216 led to (R)-
baclofen 3 as a hydrochloride salt in quantitative yield
(Scheme 51).
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Scheme 51.

(R)-Baclofen 3 has also been obtained from allylic
alcohol 227 via an orthoester Claisen rearrangement. Thus,
the reaction of allyl alcohol (S)-(£)-227 with triethyl
orthoester in the presence of propionic acid under
Claisen rearrangement conditions'?? afforded the (S)-v,
d-unsaturated ester 228 in 75% yield and 99% ee. Ozonol-
ysis of (S5)-228 followed by treatment with sodium
borohydride provided enantiomerically pure (R)-y-lactone
152 in 76% yield and 99% ee. On the other hand, ozonolysis
of (S5)-228 followed by treatment with NH4OAc and
NaBH; at room temperature, and subsequent basic
hydrolysis gave (R)-baclofen 3 in 73% yield
(Scheme 52).1%3
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2.4. y-Substituted y-amino acids

Reduction of 1-azadiene 230 obtained from the reaction of
phosphonium salt 229 incorporating (R)-o-methylbenzyl-
amine and ethyl glyoxylate with NaBH, in ethyl alcohol

—78 °C afforded (E)-y-amino-o,B-unsaturated ester 231
in 81% yield and 72% de. Reduction of 230 with NaBH;CN
in CH;CN led to ester 231 with low diastercoselectivity.
Treatment of diastereoisomerically enriched ester 231 with
ammonium formate in the presence of Pd/C in MeOH gave
(R)-y-amino acid 232 in quantitative yield and high enantio-
selectivity (Scheme 53). (S)-y-Amino acid 232 was obtained
using phosphonium salt 229 incorporating (.S)-o-methyl-
benzylamine as the starting material.!%*
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Scheme 53.

On the other hand, reaction of optically actlve acrolein 1,2-
dicyclohexylethylene acetal 233 with (n? propene)T1(Oz-
Pr), 234 gave the chiral allyltitanium compound 235, which
by treatment with prochiral imine 236 afforded the corre-
sponding alkenes (E)-237 and (Z£)-238 in 85% yield and a
94:6 ratio, which on purification produced the pure (E)-
237. Treatment of (E)-237 with di(zert-butyl)dicarbonate
(Boc),O followed by acetylation and subsequent acidic
methanolysis provided the corresponding y-amino alde-
hyde dimethyl acetal 239 in 71% yield. Acidic hydrolysis
of acetal 239 followed by oxidation with sodium chlorite
provided N,N-diprotected y-amino acid 240 in 87% yield
(Scheme 54).105

Sharpless aminohydroxylation (SAH) of (FE)-o,B-unsatu-
rated ethyl ester 241 afforded the optically enriched amino

j\c Hex 234 (i-Pro)zTi\/\/Oj:c—Hex}
c-Hex "O” Yc-Hex
235
N/Bn
85% !
H
236
(m2-propene) Ti(Qi-Pr),
234
c-Hex
j\ + (2)-238
c-Hex
(E)-237 9 :
1. (Boc)0, EtgN, THF
71% | 2. Ac0, Py, DMAP
3. PTSA, MeOH
Bn\N/Boc Bn~_ .Boc
OH <-TFA OMe
2. NaClO,
(e} 87% OMe
240 239

Scheme 54.

alcohol 242 in >85% ee after a single recrystallization,
which upon treatment with 2,2-dimethoxypropane in the
presence of a catalytic amount of pyridinium p-toluenesulf-
onate (PPTS) gave acetonide 243 as the result of the simul-
taneous cleavage of N-Ts bound as well as acetonation
with the neighboring hydroxy group. Reduction of the
ethyl ester function in 243 with DIBAL-H led to the corre-
sponding aldehyde, which by treatment with p-toluene
tosylhydrazine produced the Bf-amino tosylhydrazone 244
in 86% yield. The reaction of chiral hydrazone 244 with
NHMDS and LiAlH4 followed by acetylation afforded
the acetylated product 245 in 75% yield. Cleavage of the
PMB protective group in 245 using DDQ/FeCl; followed
by Jones’ oxidation gave the N-acyl (S)-vigabatrin 246 in
79% yield (Scheme 55).1%¢

NHTs
\)/\/COZEt - \)/:\E/COQEt
PMBO. 70%  PMBO OH
241 242
., | Me2C(OMe),
75A’lPPTS
H<
N J{ Hoy J{
: 0 )
1. DIBAL-H
ﬂ 2. TsNHNH, \)/\(
PMBO. SN-NHTS 86% PMBO CO,Et
244 243
o 1. NHMDS/LiAIH,4
60 /"lz. Ac,0/EtsN
NHAc
H NHAc
ﬂ 1. DDQ/FeCly HOY\/:\/
PMBO 2. Jones’ reagent e}
79%
245 (S)-246

Scheme 55.
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Sml,-Promoted addition of nitrone 247 to chiral o,-unsat-
urated ester 248 incorporating (1R,2S)-N-methylephedrine
afforded derivative 249 in 54% yield and a 9:1 diastereoiso-
meric ratio, which on chromatographic purification gave
compound 250. Catalytic hydrogenation of 250 followed
by treatment with (Boc),O and subsequent esterification
led to N-Boc-y-amino acid 251 as the methyl ester in quan-
titative yield (Scheme 56).'%7

'0\4'\-‘ _Bn
A e 247 )\/\)L J\‘/Me
OJ\‘/ Smlz
- NMes  1ie zaoc B/N\OH NMe,
54% 249; (9:1 dr)
Chromatographic
purification
BocHN/é\/YOMe 1.Hp, PAOH), -~
-——
o} 2. (Boc),0 B /N\O o)
251 3. TMSCHN, n
100% 250
Scheme 56.

In a similar manner, the addition of chiral nitrone 252
obtained from p-glyceraldehyde acetonide,'®® to methyl
acrylate in the presence of Sml, gave the 4-substituted
v-N-benzylhydroxyamino ester derivatives anti-253:syn-254
in 77% yield and 90:10 dr. Catalytic hydrogenation of dia-
stereoisomerically pure anti-253 followed by N-protection
with di(zert-butyl)dicarbonate (Boc),O produced 255 in
82% yield, which is a key intermediate!?” in the synthesis
of (S)-vigabatrin 2 (Scheme 57).!1°

‘O +_Bn HO\N/Bn
o H %» O/M
)YO - )YO (6]
7%
252 anti-253 : syn-254 (90:10)

829% 11 H,, Ni-Ra
2. (Boc),0

NH, NHBoc

ref. 108 OMe

\/'\/YOH . /\/'\/Y
= 0 *
0o )YO 0
(S)-vigabatrin 2

255

Scheme 57.

Recently, Skrydstrup et al.!'! reported that the addition of
chiral N-pD-mannose substituted nitrones 256a—d to n-butyl
acrylate in the presence of Sml, to afford the y-amino acid
derivatives 257a—d in moderate yield and 95:5 diastereoiso-
meric ratio, with predominance of diastereoisomer of (R)-
configuration at the newly created stereogenic center
(Scheme 58).

On the other hand, the reaction of chiral N-pD-ribose substi-
tuted nitrones 258a—c with n-butyl acrylate in the presence

COzn -Bu

OIS—& Smlz j%(
] O TR asc

O\\+ o 73-80% Ot = HO
F{/}\H /'\WOn -Bu

256a; R = (;-Hexyl (o]
256b; R = i-Pr 257a-d; 95:5 dr
256¢; R = c-Pentyl

256d; R = 2-ethylbutyl

Scheme 58.

of Sml, afforded the y-amino acid derivatives 259a—c with
an (S)-configuration at the newly created stereogenic cen-
ter, in moderate yield with high diastereoselectivity
(Scheme 59).'!'! Derivatives 257a—d and 259a—c are useful
intermediates for the synthesis of y-substituted y-amino
acids.

/\Cozn-Bu y\o

OIS* e

—_ >

Me THF.-78°C Me
05—~ 57-71%  O~}# HO

‘ 28 On-B
R/}\H T S
258a; R = c-Hexyl 0
258b; R = i-Pr 259a-c; 95:5 dr

258c; R = c-Pentyl

Scheme 59.

Nucleophilic addition of the lithiated anion generated from
propiolate methyl ester and n-BuLi, to enantiomerically
pure (S)-nitrone 252 at —78 °C in THF afforded the N-
hydroxylamino derivative syn-260 as a single diastereoiso-
mer in 94% vyield. Catalytic hydrogenation of syn-260 in
the presence of Raney-nickel and (Boc),O gave the N-
Boc-y-amino methyl ester derivative 261, in 67% yield.
Cleavage of the isopropylidene protective group in 261
with p-toluenesulfonic acid (PTSA) gave the corresponding
diol 262 in 71% yield, which by reductive elimination of
the two hydroxy groups using Ph;P and I, gave the N-Boc-
vigabatrin methyl ester 263 in 88% yield. Finally, acidic
hydrolysis of 263 led to (S)-vigabatrin 2 in 65% yield
(Scheme 60).!'> Enantiomerically pure (R)-vigabatrin 2
was obtained using (R)-nitrone 252 as the starting material.

Michael addition of nitroalkane 264 to (S)-menthyl acryl-
ate 265 in the presence of a catalytic amount of cetyltri-
methylammonium hydroxide (CTAOH) in water as
solvent, afforded nitro derivative 266 in 77% yield and
6:4 diastereoisomeric ratio. The absolute configuration at
the newly created stereogenic center was not reported.
Reduction of the nitro group in 266 with ammonium
formate and Pd/C gave the corresponding amino derivative
267, which by treatment with (Boc),O followed by basic
hydrolysis gave N-Boc-y-amino acid 268 in 65% yield
(Scheme 61).113

On the other hand, Pd-catalyzed allylic amination of chiral
allylic carbonate (E)-269 with p-toluenesulfonamide in the
presence of Pd,(dba);CHCI;-dppe catalyst afforded the
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y-amino-substituted compound 271 of (S)-configuration at
the newly created stereogenic center, in §9% yield and high
level of stereocontrol. Conversely, the allylic amination of
(Z)-270 under identical conditions gave the y-amino-substi-
tuted compound 271 with an (R)-configuration at the
newly created stereogenic center (Scheme 62).!'# Diastereo-
isomerically pure o,B-unsaturated derivatives (R)- and
(S)-271 are useful intermediates in the synthesis of y-substi-
tuted y-amino acids.

Nakanishi et al.'’> have descrlbed that the nucleophilic
reaction of planar chiral allyl n*-allyldicarbonylnitrosyl-
iron complex (1R,3S5)-272 bearing an (R)-o-methylbenzyl-
oxy group, with benzylamine proceeded regio- and
stereoselectively to give the y-amino o,p-unsaturated ester
(R,R)-273 in good yield as a single (E)-isomer. The nucleo-
philic reaction of (1R,3R)-274 under identical conditions
afforded the y-amino o,B-unsaturated ester (R,S)-275 also
as a single (E)-isomer (Scheme 63). Diastereoisomerically

TsNH, [O2e)

o o
OXN)K/\/ Pda(dba)s CHCls )KN)K/\S/

H dppe Q :
L& OCO,Bn st \—y NHTs
(E)-269 (5)-271; (85% 9)
0

0o TsNH, o o

OXNM Pdj(dba)g.CHCl3 OAN)K/A"’V

H dppe
L& 0COBn oo L& NHTSs
(R)-271; (86% R)

(2-270

Scheme 62.

pure (R,R)-273 and (R,S)-275 are useful intermediates in
the synthesis of y-substituted y-amino acids.

O . (0] :
V\\Ao;\Ph BniNH, Mo/\%
l CH,Cl, IEJHB
o, n
occo 72%
NO (R,R)-273; >98% de
(1R,39)-272
o . o .
—~ A A BnNH, SN A
/g\ O Ph ————= » (®) Ph
: CH,Cly, 1t (.
o, n
oc” >co 80%
NO (R,8)-275; >98% de
(1R3R)-274
Scheme 63.

Catalytic reaction of butadiene monoepoxide (+)-276, with
phthahmlde in the presence of a m-allylpalladium chloride
dimer [n3-C3HsPdCl], and chiral ligand 277, afforded com-
pounds 278 and 279 in 99% vyield and 75:1 ratio. Com-
pound 278 was obtained in excellent regioselectivity and
high enantioselectivity (98% ee) by an attack at the more
substituted allyl position. The reaction of enantiomerically
pure 278 with trifluoromethanesulfonyl anhydride gave the
corresponding sulfonate ester 280 in 78% yield, which upon
treatment with sodium dimethyl malonate produced the
alkylated product 281 in 64% yield. Global deprotection
with 6 M hydrochloric acid led to (R)-vigabatrin 2 in
96% yield as hydrochloride salt (Scheme 64).!1¢

On the other hand, catalytic asymmetric rearrangement of
(E)-allylic trichloroacetimidate 282 readily obtained from
DBU-catalyzed addition of allylic alcohol to trichloro-
acetonitrile, in the presence of chiral (COP-CI)-283
complex, afforded the corresponding (S)-allylic trichloro-
acetamide 284 in 73% yield and 95% ee. Acidic hydrolysis
of 284 gave the enantiomerically pure (S)-vigabatrin 2 in
75% yield (Scheme 65).!17

Treatment of N-Boc-N-(p-methoxyphenyl)benzylamine 285
with n-BuLi in the presence of (—)-sparteine followed by
the addition of acrolein afforded y-amino aldehyde deriva-
tive (S)-286 in 72% yield. Oxidation of (S)-286 with a
CrO3/H,SO,4 mixture gave the corresponding N-protected
y-amino acid (S)-287 in 77% yield and 94% ee. When the
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lithiation—stannylation—transmetalation protocol was used,
(R)-y-amino aldehyde 286 was obtained in 61% yield. Oxi-
dation of (R)-286 produced the N-protected y-amino acid
(R)-287 in 75% yield and 92% ee (Scheme 66).''3

Enantiomerically pure y-substituted y-amino acids can be
obtained by a double Arndt-Eistert homologation from
the corresponding N-protected o-amino acids.'!” For
example, the reaction of (S)-N-Cbz-B-amino acid 289
obtained from (S)-N-Cbz-a-amino acid 288 via Arndt-
Fistert homologation'?® with oxalyl chloride followed by
treatment with diazomethane gave the corresponding
B-diazoketone 290 in 82% yield. A Wolff rearrangement
of B-diazoketone 290 using silver benzoate and Et;N in
methanol afforded the y-amino acid methyl ester 291
in 69% yield. Basic hydrolysis of the methyl ester group
in 291 gave the corresponding carboxylic acid 292, which
by catalytic hydrogenation led to (S)-y-amino acid 293
in 77% yield (Scheme 67).'%!
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On the other hand, treatment of (S)-N-Boc-B-amino acids
295a-c obtained from readily available o-amino acids
294a—c via Arndt-Eistert homologation,'??> with isobutyl
chloroformate in Et;N gave mixed anhydrides 296a—c,
which produced the heterocyclic imino anhydrides
297a—c. Treatment of anhydrides 297a—c with an excess
of diazomethane led to diazoketones 298a-—c, which by
Wolff rearrangement using silver trifluoroacetate in a mix-
ture of THF-H,O afforded the N-Boc-y-amino acids
299a—c (Scheme 68).!23

Better results were obtained when the N-Boc-protected o-
amino acids 294a-c were converted into the Weinreb
amides 300a—c, which on reduction with LiAlH, gave the
N-Boc-a-amino aldehydes 301a—c. Olefination of aldehydes
301a—c via Horner—Wadsworth—-Emmons reaction afforded
the o,B-unsaturated N-Boc-y-amino acid methyl esters
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302a—c as E/Z mixture (3:1 to 7:1). Catalytic hydrogena-
tion of 302a-c, followed by saponification, gave the N-
Boc-y-amino acids 299a—c (Scheme 69).!23

(0]
R DCC, HBT, EtsN R _OMe
HCI.HN(OMe)Me N
NHBoc BocHN Me
294a-c 300a-c
LiAIH,
0°C
o o
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2. NaOH
(0]
R
OH
NHBoc

299a; R = Me; 55%
299b; R = j-Pr; 56%
299c¢; R = i-Bu; 72%

Scheme 69.

Independently, Prasad et al.'?* described the synthesis of -
amino acids 293a-h according to Scheme 70. The reaction
of N-Boc-protected a-amino acids 294 with HN(OMe)Me
hydrochloride in the presence of 1-(3-dimethylaminopro-
pyl)-3-ethylcarbodiimide hydrochloride (EDCI), 1-hydroxy-
benzotriazole (HOBT) and N-methylmorpholine (NMM)
afforded the corresponding Wenreib amides, which by
treatment with LiAIH4 gave N-Boc-a-amino aldehydes
301. Horner-Wadsworth—-Emmons reaction of 301 pro-
vided the o,B-unsaturated amino esters 302,!'2° which by
catalytic hydrogenation were converted into amino esters

251a-h. Saponification and acid treatment of 251a-h led
to y-substituted y-amino acids 293a-h (Scheme 70).

o o
R R
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293a-h
Scheme 70.

On the other hand, the reaction of a-amino aldehydes 301d,
303, and 304 readily available from a-amino acids, with the
appropriate ylides gave the o,B-unsaturated amino esters
305, 306, and 307 in 73%, 67%, and 65% yield, respectively.
Catalytic hydrogenation of the double bond with simulta-
neous removal of the benzyl group in 305'2¢ led to
N-Boc-y-amino acid 299d in 87% yield, while the simulta-
neous catalytic hydrogenation of the double bond and
cleavage of the Cbz group in 306 afforded y-amino acid
methyl ester 308 as a hydrochloride salt in 92% yield. Final-
ly, catalytic hydrogenation of 307 followed by treatment
with trifluoroacetic acid produced N-Fmoc-y-amino acid
309a in 58% yield (Scheme 71).'%7

More recently, Tamamura et al.!?® reported the synthesis
of N-Fmoc-y-amino acid 309b under a similar protocol.
Thus, the reduction of amide 310 obtained from L-B-
(2-naphthyl)alanine, with DIBAL-H, followed by Horner—
Wadsworth—Emmons reaction afforded the N-Boc-y-amino
acid tert-butyl ester 311 in 78% yield, which by catalytic
hydrogenation gave compound 312 in 74% yield. Acidic
hydrolysis of the tert-butyl ester with simultaneous cleav-
age of the Boc group in 312 with trifluoroacetic acid
provided the corresponding y-amino acid, which on treat-
ment with Fmoc-OSu produced the N-Fmoc-y-amino acid
309b in 64% yield (Scheme 72).

Chiral o,B-unsaturated y-amino acids can be incorporated
in several peptides, which have shown to be effective GlyT-
2 reuptake inhibitors,'?® and also act as effective inhibitors
for the HTLV-1 protease.!*® In this context, the Horner—
Wadsworth—Emmons reaction of N-Boc-a-amino aldehyde
301d with (carbomethoxymethylene)triphenylphosphorane
in dichloromethane afforded olefin 302a exclusively as the
(E)-isomer in 80% yield. On the other hand, 301d under
Still-Gennari olefination reaction'3! gave (Z)-o,B-unsatu-
rated ester 313. Saponification of the methyl esters in
302a and 313 followed by cleavage of Boc protective group
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with HCI in dioxane led to unsaturated y-amino acids (E)-
314 and (Z)-315, respectively (Scheme 73).!%°

On the other hand, reaction of the lithium enolate derived
from allyl diethylphosphonoacetate with N-Boc-amino
aldehyde 301c afforded the (E)-o,B-unsaturated ester 316
in 79% yield. Treatment of allyl ester 316 with [PPh;],Pd(0)
led to (E)-o,B-unsaturated N-Boc-y-amino acid 317 in 67%
yield (Scheme 74).13°

Treatment of N-Boc-phenylalanine 294d with 1,1’-carbon-
yldiimidazole (CDI) followed by the addition of lithium
enolate derived from ethyl acetate afforded N-Boc-y-ami-
no-f-keto ethyl ester 318, which by reduction with KBH,4

(0]
Bn PhgP=CHCO,Me  Bn
T —— N OMe
CH,Cl,
NHBoc 80% NHBoc
301d (E)-302a
3 1. LiOH, H0
(CF3CH,0),PCH,CO,Me 2. HCI, dioxane
KHMDS/18-C-6/THF o

Bn
O NOH

MeO ‘ NH,
Bn (B)-314
NHBoc
(2-313
1. LiOH, H,0
2. HCI, dioxane
(0]
HO ‘
Bn
NH,
(2-315
Scheme 73.
Boc o 0 0 Boc o
HN (Eto)ZP\AOAIII HN
oAV, X" 0Allyl
LHMDS, THF
79%
301c 316
67%i[PPh3]4F’d(0)
I‘Boc o
HN
X OH
317
Scheme 74.

gave the corresponding diasterecoisomeric mixture of N-
Boc-y-amino-B-hydroxy ethyl esters 319. Mesylation of
319 followed by elimination and subsequent catalytic
hydrogenation produced the N-Boc-y-amino ethyl ester
320. Finally, saponification of ethyl ester 320 followed by
N-methylation led to N-Boc-N-methyl-y-amino acid 321
(Scheme 75).13?

Smrcina et al.!33 reported the synthesis of N-Boc-y-amino
acids 299 from the corresponding N-Boc-a-amino acids
294 using Meldrum’s acid. In this context, the reaction of
N-Boc-a-amino acids 294 with Meldrum’s acid in the pres-
ence of dicyclohexylcarbodiimide (DCC) and 4-dimethyl-
aminopyridine (DMAP) afforded the B-keto derivatives 322,
which by reduction with NaBH, in acetic acid produced
323 in 66-92% yield. Heating of 323 in toluene gave y-lac-
tams 324 in 77-96% yield. Basic hydrolysis of 324 provided
the N-Boc-y-amino acids 299 in 75-98% yield (Scheme 76).

Selective protection of L-glutamic acid using concentrated
sulfuric acid in EtOH, and subsequent reaction with methyl
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chloroformate afforded the glutamate ethyl ester derivative
325 in 93% yield. Treatment of 325 with CICO,i-Bu fol-
lowed by reduction with NaBH4 led to alcohol 326 in
72% yield. Swern oxidation of 326 followed by olefination
under Wittig reaction conditions using Ph;P=—CH, pro-
duced vinyl compound 327 in 64% yield. Cleavage of N-
methoxycarbonyl protective group in 327 with TMSI and
subsequent hydrolysis of the ester group afforded the enan-
tiorr%i{ically pure (S)-vigabatrin 2 in 89% yield (Scheme
77).1

Wei and Knaus'3® reported the synthesis of (S)-vigabatrin
2 using (R)-methionine as the starting material via a one-
pot reduction-homologation. In this context, esterification
of (R)-methionine with thionyl chloride in methanol fol-
lowed by treatment with benzyl chloroformate gave (R)-

NH, NHCO,Me
HOMOH 1. EtOH/H,S0, HOMOEt
2. CICO,Me
o o 93% 0 0
L-Glutamic acid 325
., |1 cicosiBuELN
72%| 2. NaBH,
NHCO,Me
NHCO,Me 1. (COCI/DMSO_ 1y OEt
-
WYOEt 2. Ph3P=CH,/THF I
o) 64%
2!
327 326
o, 1. T™sI
89% la. 3N HCI
NH,
\/k/YOH
(0]

(S)-Vigabatrin 2

Scheme 77.

N-Cbz-a-amino carboxylic methyl ester 328 in 82% yield.
Using a one-pot reduction—-homologation procedure,
methyl ester 328 was transformed into (R)-N-benzyloxycar-
bonyl y-amino o,B-unsaturated carboxylate 329 in 68%
yield. Hydrogenation of the double bond in 329 using mag-
nesium-methanol afforded y-lactam 330 in 92% yield. Oxi-
dation of the sulfide function in 330 into the corresponding
sulfoxide followed by a thermal elimination reaction gave
the (S)-5-vinyl-y-lactam 331 in 56% yield. Finally, basic
hydrolysis of y-lactam 331 led to (S)-vigabatrin 2 in 96%
yield (Scheme 78).

(o]
Mes. _~ L OH - MeOH/SOCI, MGSM
T _— T
: 2.CICOBn

NH, oo NHCbz
(R)-Methionine 328

1}
68% |(Me0),PCH,CO,Me
t-BuLi/DIBAL-H

o}
/\J"«—/\\o MgMeoH MeS SN “OMe

MeS N - =
H 92% NHCbz
330 329
56% r. Nalo,
2.190°C
ﬂ PN
96%
331 (S)- Vlgabatrln 2

Scheme 78.

Roumestant et al.!*¢ have reported an efficient synthesis of
enantiomerically pure N-Boc-y-amino acid 299c¢ using glu-
tamic acid as the starting material. In this context, the reac-
tion of N-Boc-glutamic acid monomethyl ester 332
obtained from commercially available methyl glutamate
hydrochloride, with CICOssec-Bu followed by reduction
with NaBH, afforded alcohol derivative 333 in 82% yield.
The reaction of hydroxy derivative 333 with tosyl chloride
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in the presence of pyridine gave tosylate derivative 334 in
75%, which by treatment with sodium iodide in acetone
produced the iodo derivative 335 in 30% yield. The reaction
of 335 with lithium diisopropylcuprate led to the corre-
sponding y-amino ester 251c in 93% yield. Finally, basic
hydrolysis of 251¢ afforded (R)-N-Boc-y-amino acid 299c
in 75% yield (Scheme 79). (S)-N-Boc-y-amino acid 299¢
was obtained when (R)-glutamic acid was used as the start-
ing material.

NHBoc NHBoc
HOMOMe 1. CICOose0BuU_ HO\/'\/YOMe
2. NaBH,/THF
82%
332 333
75% TsCl/Py
-5°C
NHBoc NHBoc
I OMe _Nal, acetone TsOMOMe
reflux
o 30% o
335 334
03% i-Pr,CuLi
THF, -50°C
NHBoc NHBoc
2M NaOH
dloxane/HQO
75%
251c 299c

Scheme 79.

On the other hand, treatment of iodo compound 335 with
zinc dust activated by the Knochel procedure,'” and sub-
sequent palladium(0)-catalyzed cross-coupling with several
aromatic iodides gave the corresponding N-Boc-y-amino
acids 251i-o (Scheme 80).'38

NHBoc 1. Zn, Br(CHo)-Br NHBoc

I OMe MegSiCl, DMF OMe
—_—T
2. Arl, Pd,(dba)s

0] (0MeCeHg)sP Ar [¢)
335

251i; Ar = CgHs, 68%

251j; Ar = p-MeCgHy,4, 68%
251k; Ar = 0-MeOCgH,, 69%
2511; Ar = p-MeOCgH,, 68%
251m; Ar = 0-NH,CgH,, 56%
251n; Ar = 0-CICgH,4, 34%
2510; Ar = p-NO,CgHy4, 80%

Scheme 80.

The reaction of N-carboxy-a-amino acid anhydride 338 ob-
tained from glutamic acid derivatives 336 and 337 and
phosgene or PBrj, respectively, with benzene or toluene
in the presence of AICI; followed by acidic hydrolysis gave
y-amino acids 339a and 339b in 23% and 33% yield, respec-
tively (Scheme 81).13°

5-Substituted-3-pyrrolin-2-ones have been introduced as
chiral building blocks. For example, the (R)-3,4-didehy-
dro-pyrohomoglutamate 340 obtained from pyrrol has
been used as the starting material in the synthesis of (.5)-
vigabatrin 2. In this context, conjugate reduction of 340
with NaBH, in the presence of NiCl,:6H,O followed by

o} o)
MeO OH
NH,
336
., | ccoc,
7°/°l DMF
o o)
o}
MeO OH PBrs wo
NHCO,Me EwO  MeO N5
337 H™ Y
o}
338
1. ArH/AICIy
2. 2N HCI
o) o}
HO Ar
NH, HCI

339a; Ar = CgHs; 23%
339b; Ar = p-MeCgHy; 33%

Scheme 81.

N-Boc deprotection using AICl; afforded methyl ester
derivative 341 in 41% yield and 99% ee after crystallization.
Reduction of the methyl ester group in 341 with LiBH,4
gave the corresponding alcohol 342 in 93% yield. Treat-
ment of 342 with PBr; and subsequent dehydrobromina-
tion with KO¢-Bu produced vinylpyrrolidinone 331,
whi<1:£10 by basic hydrolysis led to (S)-vigabatrin 2 (Scheme
82).

o —
Q T MeOA""\\qXO

|
‘ Boc
340; (91% ee)

. 11. NaBHg,NiClp.6H,0

2. AICl3, CHyCly
& i
<LiBH, THFE \&
HO™ 93% oo™~ N0
|
H
342 341; (>99% ee)
1. PBra, THF
2. KOt-Bu, THF
(6]
S KOH M
NSNS0 ThowmoT OH
H NH,
331 (5)-2; 34% from 342
Scheme 82.

On the other hand, hydroboration of enantiomerically pure
343a and 343b obtained from N-alkylidene-p-toluenesulfi-
namides, with BH; THF and NaOH/H,O, afforded the
alcohol derivatives 344a and 344b in moderate yield. Oxi-
dation of 344a and 344b with pyridinium dichromate
(PDC) in CH,Cl, followed by treatment with AgNOsz—
KOH and subsequent acidic hydrolysis with 1 M HCI gave
y-amino acids 345a and 345b in 81% and 85% yield, respec-
tively (Scheme 83).14!
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AcHN = 1.BHaTHF AcHN
—_—
Ph\\/R\/ 2. NaOH/H;0, PE(\/\OH
R

343a-b 344a; R = Me, 55%

344b; R = n-Bu, 60%

2. AgNO3/KOH

1. PDC/CHCl,
3. IM HCI

(0]

HN
273 OH

Ph R
345a; R = Me, 81%
345b, R = n-Bu, 85%

Scheme 83.

(2R,3R)-5-Phenyl-2,3-epoxypentanol 346 easily available by
catalytic Sharpless epoxidation is an important starting
material for the stereoselective synthesis of N-Boc-vigabatrin
methyl ester 263. In this context, treatment of epoxy alcohol
346 with benzhydrylamine in the presence of titanium tetra-
isopropoxide took place in high regioselectivity (94.5:5.5)
affording aminodiol 347 in 87% yield and 99% ee after a sin-
gle crystallization. Catalytic hydrogenolysis of the benz-
hydryl protective group, with simultaneous protection by
(Boc),0, led to N-Boc-aminodiol 348 in 93% yield. Treat-
ment of 348 with fert-butyldimethylsilyl chloride under stan-
dard conditions produced bis-silyl ether 349 in 96% yield.
Oxidation of the phenyl ring in 349 gave the corresponding
carboxylic acid, which by esterification provided methyl
ester 350 in 63% yield. Cleavage of silyl ethers in 350 with
TBAF afforded diol 351 in 40% yield. Finally, the reaction
of 351 under the Corey—Hopkins deoxygenation protocol'4?
led to N-Boc-vigabatrin methyl ester 263 (Scheme 84).'%

Ph o Ph  NHCHPh,
W PhCHNH, 2
OH =GP0, OH
o OH
87%
346 347; 99% ee
93%11. Ha, Pd(OH),/C
2. (Boc),0
Ph  NHBoc Ph NHBoc
H TBSCI :
OTBS ~ DMF, imid. OH
OTBS 96% OH
349 348
1. RuClj (cat)
63% | NalOg, NaHCO;
2. Mel, K,CO3
NHBoc NHBoc
MGOY\/\‘/\OTBS TBAF MSOY\/Y\OH
6! oTBS 40% ° OH
350 351
1. CICSCI, DMAP
40% /)

2. Me/N‘p’N\Me
I
Ph

NHBoc

MQOW

o
263

Scheme 84.

The relationship between a-amino acids and extended ana-
logues by the insertion of a C=C unit, a concept general-
ized by Chauvin'*® and termed ‘carbomers’, makes the
latter of interest for the formation of modified peptides.
In this context, treatment of N-Cbz-a-amino acids 288 with
Ph;P=CHCO,Et in the presence of 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDCI) and
DMAP afforded ylides 352a-c, Wthh by flash vacuum
pyroly51s (FVP) at 600 °C and 10 Torr produced acetyl-
enic amino esters 353a-c. Catalytic hydrogenation of
353a—c gave y-amino esters 354a—c (Scheme 85).!44

R R CO,Et
OH PhsP=CHCO,E!
CbzHN EDCI/DMPA CbzHN PPhs
o 45-50% o
288 352a-c

15-58%l FVP, 600 °C

R R
OEt
HZN/'\/Y L cszN/'\

o 70-80% CO,Et
354a; R = Me 353a-c

354b; R = i-Pr

354c; R=i-Bu

Scheme 85.

Seyferth—Gilbert homologation'#> of N-Boc-a-amino alde-
hydes 301 using dimethyl (diazomethyl)phosphonate 355
generated in situ from dimethyl 1-diazo-2-oxopropylphos-
phonate (also called Bestmann’s reagent)'*® afforded chiral
alkynes 356a—c. Carboxylation of alkynes 356a—c using -
BuLi and carbon dioxide directly gave y-amino acids
357a—c in 66—71% overall yield (Scheme 86).'47

2
YP (OMe),
N+
R N, R
BocHN KoCO4 BocHN <
o MeCN:MeOH
301 356a-c
66-71% | 1. n-Buli
overall yield|2. CO,, THF
R
BocHN/'\
CO,H
357a; R =Bn
357b; R = Me
357c; R = i-Pr

Scheme 86.

On the other hand, treatment of vinylbromides 358a—c with
n-BuLi and an excess of CICO,Me afforded the acetylenic
ester derivatives 359a—c in good yield. Cleavage of the
Boc protective group in 359a—c with HCI in methanol gave
the N-protected-y-amino acetylenic esters 360a—c in excel-
lent yield (Scheme 87).143
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Boc\N/COzMe

n-BuLi, THF £
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Br Br
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NHCO,Me

H/\

CO,Me
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360b; R =Bn
360c; R = j-Pr

Scheme 87.

2.5. a,p-Disubstituted y-amino acids

Reduction of the carboxylic acid function in enantiomeri-
cally pure 361 with BH3;-DMS complex followed by a cycli-
zation reaction afforded y-lactone 362 in 66% yield. The
addition of a lithium enolate generated by treatment of
362 with LDA, to iodomethane produced the trans:cis iso-
mers 363 in 69% yield and a 4.5:1 ratio. The reaction of dia-
stereoisomerically pure trans-363 with an anhydrous
ethanolic solution of HBr afforded the alkyl bromide deriv-
ative 364 in 75% yield, which by treatment with sodium
azide gave azidoester derivative 365 in 92% yield. Catalytic
reduction of the azide group in 365 provided y-lactam 366
in 90% yield, which on acidic hydrolysis led to o,B-disubsti-
tuted y-amino acid 367, an analogue of (S)-pregabalin 4
(Scheme 88).4!

0]
CO,t-Bu
)\): 1. BHz-DMS o
2. PTSA, THF
CO,H 66%
361 362
o, |1.LDA
69% lz. Mel
O
..... ., ~COoEt oy
HBr o)
Br EtOH
75%
364 363
o, |NaN
92 A’lDMSSO
'''' vy —~CO2EL ) “ay
)\):/ . NTH
Nz g0%
365 366
49%lHCI
1, ~CO3H
)\):/ NH2
367

Scheme 88.
2.6. a,y-Disubstituted y-amino acids

Catalytic hydrogenation of (E)-y-amino-a,B-unsaturated
methyl ester 368 readily obtained from the corresponding

o-amino aldehyde via a Horner—-Wadsworth-Emmons
reaction produced in quantitative yield a 2:1 mixture of
compounds anti-369 and syn-370. Basic hydrolysis pro-
vided the o,y-disubstituted N-Boc-y-amino acids anti-371
and syn-372 (Scheme 89).'4°

J\%L
Hl‘\l CO,Me
Boc
E-368 (E:Z100:1)

1 OO%ng, Pd/C

2 OMe OMe
HN + HN
Boc o Boc o

anti-369 2:1 syn-370

o, | NaOH, THF
100% l H,O/MeOH

{_OH OH
HN + HN
Boc o Boc o

anti-371
61% after
recrystallization

syn-372

Scheme 89.

Similar results were obtained in the catalytic hydrogenation
of Z-enoate 373, and compounds anti-369 and syn-370
were obtained in a 5:3 diastereoisomeric ratio (Scheme
90)_149

I
Boc
Z-373 (Z:E >50:1)

QQ%l Ho, Pd/C
HN

OMe OMe
\ + HN

Boc o E":oc o
anti-369 5:3 syn-370

e

Scheme 90.

The predominance of the anti-isomer in the hydrogenation
of E-enoate 368 was explained on the basis of possible 1,3-
allylic strain:'>° E-enoate 368 adopts a conformation where
the si-face is hindered by the Boc group (Fig. 2a). On the
other hand, the Z-enoate 373 adopts a y-turn type con-
formation (Fig. 2b), stabilized by the dipolar interaction
between the NH and the ester group.

a H b Boc
1 NH CO,Me
coMe b L
E—faee H neither face |
more openl prefered

Figure 2.
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In order to obtain the syn-compound as the principal prod-
uct, cyclic compound 374 was prepared. In this context,
treatment of Z-enoate 373 with (Boc),O, DMAP in
CH;CN under Ragnarsson-Grehn conditions'>! afforded
the corresponding cyclic compound 374 in 85% yield. Cat-
alytic hydrogenation of 374 gave a 10:1 mixture of y-lac-
tams syn-375 and anti-376 in quantitative yield. Finally,
basic hydrolysis of diastereoisomerically pure syn-375 gave
oc,y-gigsubstituted N-Boc-y-amino acid syn-372 (Scheme
91).

CO,Me
HITI DMAP, CH,Cl, N 0
Boc 85% Boc
373 374

99%'/ Hy, Pd/C
/FLO + /&O

N N
Boc Boc
syn-375 anti-376
o, | LIOH/THF
100/ol Ho0
OH
HI
Boc 0
syn-372

Scheme 91.

Reaction of the lithium enolate derived from pyrrolidi-
nones 377a and 377b with cinnamyl bromide afforded the
disubstituted y-lactams 378a and 378b in good yield and
with high diastereoselectivities (anti:syn 18:1 and 40:1,
respectively). Basic hydrolysis of 378a and 378b afforded
the o,y-disubstituted N-Boc-y-amino acids anti-379a and
379b in good yield (Scheme 92).!52

R
/L—/\\ 1. LHMDS, -78 °C /L—/\\
—_—

R” “N” O 2.m-x R” N7 O

\ 0 !

Boc 77-88% Boc
377a; R =Me 378a-b
377b; R = i-Pr

- 4-87% | LIOH/THF
R' = CH,CH=CHPh 84-87% l H,0
R R
X__OH
HI
Boc o
anti-379a-b

Scheme 92.

On the other hand, alkylation of enolates of N-substituted
v-amino acids methyl esters 380a—d obtained from readily
available a-amino acids by a homologation protocol affor-
ded the o,y-disubstituted N-TFA-substituted y-amino acid
methyl esters syn-381a-d in good yield and with excellent
levels of 1,3-asymmetric induction (Scheme 93).!33

R R E
/'\/YOMe 1. LDA, -78°C /'\/H]/OMe
HN A HN
TFA 0 2.E TFA o
380a; R = Me 77-90% syn-381a-d; 95:5 dr
380b; R = i-Pr E = CH,
380c; R = i-Bu E = CH,CH=CH,
380d; R = Bn E - CH-Ph

E = CH,CH=CHPh

Scheme 93.

The high levels of 1,3-asymmetric induction have been ex-
plained through Zimmerman-Traxler type transition states
and by the presence of highly coordinated dianionic species
involving two charged sites, as shown in Figure 3.

o/Li B+ O/Li
L~ Lif L
\/\ —_ X “0Me

R N\fOOMe R\ﬁ;\/ro
CF,4 CF3
382
R E
OMe
.
cocF, ©
syn-381

Figure 3.

Identical results were obtained in the alkylation of N-Boc-
v-amino acid methyl esters 251 using LHMDS as a base,
where the syn-alkylated products 383 were obtained with
high diastereoselectivity (Scheme 94).134155

R R E
A ove amoe T owe
HN THF,-78°C  HN
" |
Boc o 2 ';0 . Boc o
251 R syn-383; 95:5 dr
R=Me E = CH,CH=CH;
R =i-Pr E = CH,CH=CHPh

Scheme 94.

Basic hydrolysis of N-Boc-derivatives 383 with lithium
hydroxide gave a,y-disubstituted N-Boc-y-amino acids
syn-384 (Scheme 95).15*

R E R E
HNJ\/H(OMe LIOH/THF HNJ\/'\[(OH
Boc 0 He0 Boc 0
syn-383 syn-384

Scheme 95.

On the other hand, Mn-mediated addition of iodide 386 to
hydrazone 385 afforded the corresponding 387 in 56% yield
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and >98:2 dr. The reaction of 387 with trifluoroacetic
anhydride (TFAA) and DMAP in pyridine, followed by
treatment with Sml,, gave the TFA-protected derivative
388 in good overall yield. Finally, cleavage of the TBS pro-
tecting group in 388 with TBAF in THF, and subsequent
oxidation of the resulting primary alcohol with
(AcO),IC¢H;s in the presence of a catalytic amount of
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) afforded
o,y-disubstituted N-TFA-y-amino acid 389 in 81% yield
(Scheme 96).153

L
n
N/ Kr\OTBS o \‘/\l/\OTBS
N—wBn 386 PN~ NH
O:< j Mn(CO) 1o, hv 0\)%
0 InClg, CHxCly “Bn
385 56% 387, >98:2 dr

769 |- TFAA, DMAP, Py
° |2. Sml,, MeOH, THF

(0]
Bn NOH 1.TBAFTHE BN Y\‘AOTBS
2. (AcO),ICeHs
HN, TEMPO cat. HN,
COCF,4 81% COCF3
389 388

Scheme 96.

Curtius degradation of monoester 391 readily obtained
from meso-2,4-dimethylglutaric anhydride 390, with
(PhO),P(O)Nj; in the presence of the appropriate alcohol
gave the a,y-disubstituted N-protected y-amino acid deriv-
atives (25,4R)-370 and (2S,4R)-392 (Scheme 97).!%¢

1. (PhO),P(O)Ng
2.ROH, A

YHYYOKOMe

370; R =t-Bu
392; R=Bn

Scheme 97.

Reaction of lithium enolate generated from propionamide
393 with the (S)-N-tosylaziridine 394a-d in the presence
of LiCl at —78 °C afforded the corresponding y-amino-
amides 395a-d and 396a-d in good yield and diastereo-
selectivity. Acidic hydrolysis of diastercoisomerically pure
395a-d gave the o,y-disubstituted N-tosyl-y-amino acids
397a-d in good chemical yield (Scheme 98).!57

On the other hand, reaction of lithium enolate derived
from propionamide 393 with (R)-N-tosylaziridine 394a-d
in the presence of LiCl at —78 °C afforded the correspond-
ing y-aminoamides 398a-d and 399a-d in good yield but
low diastereoselectivity. Hydrolysis of diastereoisomeri-

H  OH Ts
N N
D G IR IRVAN
o] H R
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LDA/LiCILTHF, -78°C

TsHN : 'Ti OH TsHN '\-i OH
2 AN + & N
o} o :

395a-d 396a-d
R = Ph; 88% and 94:4 dr

R = Me; 89% and 89:11 dr

R = i-Pr; 87% and 93:7 dr

R =Bn; 93% and 95:5 dr

4M sto4l dioxane

TsHN :
£ _ A OH
R/\/Y
(0]

397a; R = Ph; 85%
397b; R = Me; 87%
397¢c; R = i-Pr; 90%
397d; R =Bn; 93%

Scheme 98.

cally pure 398a-d gave o,y-disubstituted N-tosyl-y-amino
acids 400a—d in good chemical yield (Scheme 99).'%7
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(0]
400a; R = Ph; 82%
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400d; R = Bn; 85%

R

Scheme 99.

In all cases, it was observed that the ring-opening reaction
was regioselective, in the sense that only the products aris-
ing from attack of the enolate at the less substituted carbon
atom of the aziridine ring were obtained. Therefore, it can
be concluded that the lithium enolate derived from propi-
onamide 393 and (S)-N-tosylaziridines 394a-d afforded a
matched combination, leading to y-aminoamides 395a-d
as principal products. On the contrary, the same enolate
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and (R)-N-tosylaziridines 394a-d gave a mismatched com-
bination leading the y-aminoamides 398a-d and 399a—d
with poor diastereoselectivity.!®

2.7. a,p,y-Trisubstituted y-amino acids

The Michael addition of the titanium enolate generated
from N-acyloxazolidinones 56a—¢ to (E)-2-nitro-2-butene
afforded the nitro derivatives 401a—c in moderate diastere-
oselectivity (4:1 to 6:1 dr). Catalytic hydrogenation of dia-
stereoisomerically pure nitro compounds 40la—c in the
presence of Raney-nickel led to the y-lactams 402a—c in
91:9 to 86:14 dr. Acidic hydrolysis of y-lactams 402a—c in
refluxing 6 M HCI gave the o,p,y-trisubstituted y-amino
acids 403a—c in good yield and >98:2 dr (Scheme 100).!°

L

O o0

OAN)K/ 1. T|CI4 /PrgNEt

Phﬂ 2.
Ph

56a-c 401a-c; 4:1to 6:1dr
in, Ra-Ni
(0]
NH, HCI HCI/HQO
HO H
H 65 80%
R :
e note
403¢, R = -Bu 91:9 to 86:14 dr

Scheme 100.

3. Stereoselective synthesis of hydroxy-y-amino acids
3.1. a-Hydroxy-y-amino acids

Homoisoserine 406 (2-hydroxy-4-aminobutyric acid), an o-
hydroxy-y-amino acid, is one of the most potent known
inhibitors of the neurotransmitter 4-aminobutanoic acid
and exhibits anticancer activity.'®® Additionally, 406 is a
component of numerous antibiotics, such as arbekacin,'®!
amikacin,'®> and butirosin.!®® Therefore, numerous syn-
thetic methodologies have been developed. For example,
Willis et al.'®* have reported the enantioselective synthesis
of (S)- and (R)-2-hydroxy-4-aminobutyric acid 406 via lac-
tate dehydrogenase catalyzed reduction of sodium salt of 4-
benzyloxycarbonylamino-2-oxobutanoate 404. In this con-
text, treatment of 404 with commercially available Bacillus
stearothermophilus (BS-LDH) and formate dehydrogenase
(FDH) afforded (S)-2-hydroxy acid 405 in 91% yield and
>99% ee. The reduction of 404 with Staphylococcus epide-
rmidis (SE-LDH) gave (R)-2-hydroxy acid 405 in 95% yield
and >99% ee. Catalytic hydrogenolysis of (S)- and (R)-405
provided enantiomerically pure (S)- and (R)-homoisoserine
406, respectively (Scheme 101).'9

Michael addition of the lithium enolate generated from gly-
colate 407 to trams-nitrostyrene gave the corresponding
nitro derivative 408 in 96% yield and 34:1 diastereoisomeric

CszN/\ACOZ'Na*

BS-LDH
NADH, H*/91%

OH

CbzHN"™>">Cco, Na*

(S)-405; >99% ee

SE-LDH
95% \ NADH, H*

OH

CszN/\/kCOQ'Na“'

(R)-405; >99% ee

le, Pd/C le, Pd/C
OH OH
H,N /\/_\002H HoN /\/kCOZH
(5)-406 (R)-406

Scheme 101.

ratio. Reduction of the nitro group in 408 using Raney-
nickel led to y-lactam 409 in 73% yield. Protection of the
amino group in y-lactam 409 with (Boc),O followed by
reaction with sodium methoxide in methanol and subse-
quent treatment with catalytic amount of triphenylphos-
phine hydrobromide in methanol afforded a-hydroxy-vy-
amin?()éacid methyl ester 410 in 69% overall yield (Scheme
102).

(0]
1. LHMDS
O& __THF,-78°C &)
o 2 2 PhCH-CHNO, CHNO,
o< 96%
407 408, 34:1 dr
73%lr H,, Ra-Ni
2. Silica gel
o Ph |‘3°C 1. (Boc),0, EtsN [g
NH cat. DMAP
Meo)ﬁ/v\/ o MeoNa/meon MeO
OH 3. PhaP.HBr (cat.)
410 69% 409

Scheme 102.

On the other hand, 1,3-dipolar cycloaddition reaction of
acryloylcamphorsultam 411 with trimethylsilyl nitronates
412 led to the corresponding isoxazolidines 413a—c together
with small amounts of the other sterecoisomers, which by
catalytic hydrogenation using Raney-nickel afforded the
v-lactams 414a—c in 90:10 to 98:2 dr after crystallization.
Finally, acidic hydrolysis followed by treatment with di-
(tert-butyl)dicarbonate (Boc),O gave the protected o-
hydroxy-y-amino acids 415a—c (Scheme 103).1¢7

Stereoselective rearrangement of enantiomerically pure 4-
amino-allyloxy-acetates 417 obtained in three steps from
N-Boc-o-amino aldehydes 301, using lithium diisopropyl-
amide (LDA) in the presence of N,N,N’'N’-tetramethyl-
ethylenediamide (TMEDA), afforded o-hydroxy-y-amino
acid 418 as the major product (Scheme 104).'68
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In the formation of a-hydroxy-y-amino acids 418, an endo-
transition state 421 can be invoked, in which 1,3-allylic
strain'>® is minimized and the heteroatom at the stereo-
genic center (deprotonated N) is placed in an antiperipla-
nar manner with respect to the attacking enolate.
Transition state 422 is also an endo-type, but entails
increased 1,3-allylic strain, which led to the minor diastereo-
isomer 419. Diastereoisomer 420 was formed via the exo-
transition state 423 in which the R group and the enolate
species undergo unfavorable steric interactions (Fig. 4).

Treatment of (S)-2,4-diaminobutyric acid dihydrochloride
424 obtained from (S)-glutamic acid, with sodium nitrite

Li-<
Li-o_ H H_O-Li ;P
o / IO :/ Ot-Bu
+Bu0 £ L\ OtBu £
WR H /R H) R
LiNBoc LiNBoc LiNBoc
421 422 423

Figure 4.

afforded enantiomerically pure (.5)-4-amino-2-hydroxybu-
tyric acid 406.'® On the other hand, treatment of (S)-425
available from (S)-asparagine, with acetic anhydride in
pyridine gave the cyano derivative (S)-426, which on acidic
hydrolysis, followed by catalytic hydrogenation using plat-
inum oxide, led to (.S)-y-amino-B-hydroxybutyric acid 406
in 37% yield (Scheme 105).!7°

NH, HCI OH

HCI 2 NaNO. £
HoNT>"" COH ———2m H,N" " >CO,H

(S)-424 (9)-406

o 1. HCI

37% | 2. H,, PO,

o O©OH OH
HZNJK/\CozH po0 . N Ao

Py
(5)-425 (S)-426

Scheme 105.

Reaction of carboxylic acids 427a and 427b with hexafluo-
roacetone (HFA) in DMSO, followed by treatment with
SOCl,, gave the acid chlorides 428a and 428b, which were
converted into fert-butyl ester derivatives 429a and 429b
via an Arndt-Eistert homologation. The reaction of fert-
butyl esters 429a and 429b with an excess of thionyl chlo-
ride at reflux followed by treatment with TMSNj; afforded
the isocyanates 430a and 430b via Curtius rearrangement.
Treatment of 430a and 430b with ferz-butyl alcohol pro-
duced the stable y-N-Boc-amino derivatives 431a and
431b, which by reaction with methyl alcohol led to enantio-
merically pure N-Boc-homoisoserine derivatives 432a and
432b (Scheme 106).'7!

3.2. p-Hydroxy-y-amino acids (GABOB'7? and Carnitine!”3)

Selective enzymatic transesterification of racemic O-acetyl
cyanohydrin 433 using lipase from yeast Candida cylindra-
cea (CCL) afforded optically active (R)-cyanohydrin 434 in
32% yield and the enriched (.S)-O-acetyl cyanohydrin 433 in
58% yield. Treatment of enriched (S)-O-acetyl cyanohydrin
433 with lipase from porcine pancreas (PPL), gave enanti-
omerically pure (S)-cyanohydrin 434 in 48% yield. Reduc-
tion of the cyano group in (R)- and (S)-434 using a
combination of BH; THF complex and NiCl,6H,O pro-
duced the enantiomerically pure (R)- and (S)-GABOB 21
in 93 and 100% yield, respectively (Scheme 107).!74

On the other hand, treatment of 1-carbobenzyloxy-1,2,3,4-
tetrahydro-3-hydroxypyridine (4)-435 obtained from
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3-hydroxypyridine, with lipase PS (Pseudomonas cepacia)
afforded (R)-acetate 436 in 99% ee and the unreacted alco-
hol (5)-435 in >99% ee. The reaction of (S)-435 with acetic
acid and triphenylphosphine in the presence of diisopropyl
azodicarboxylate (DIAD) gave (R)-acetate 436 in 49%
yield. Oxidation of (R)-acetate 436 (>99% ee) with NalO,4
and a catalytic amount of RuO, followed by treatment
with methanol in the presence of potassium carbonate pro-
duced B-hydroxy acid 437 in 55% yield, which on catalytic

hydrogenation produced the enantiomerically pure (R)-
GABOB 21 in 75% yield (Scheme 108).!73
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HO Nscho ~pac HOM/ 2
75%
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Scheme 108.

Enzymatic aminolysis reaction of dimethyl 3-hydroxyglut-
arate 438 using Candida antarctica (CAL) afforded the
enantiomerically pure (S)-monoamide 439 in 98% vyield.
Acetylation reaction of (S5)-439 with acetic anhydride in
pyridine followed by treatment with Hg(OAc), and NBS
in benzyl alcohol gave the benzyl carbamate (R)-440 in
49% yield via a Hoffmann reaction. Acidic hydrolysis of
benzyl carbamate (R)-440 led to (R)-N-Cbz-GABOB 441
in 86% yield. Finally, hydrogenolysis of (R)-441 using
Pd/C in 1,4-cyclohexadiene gave enantiomerically pure
(R)-GABOB 21 in 96% yield (Scheme 109).17° In a similar
way, (R)-GABOB 21 was prepared using several microor-
ganisms in the desymmetrization of 438.!77

O OH o 0O OH o
W CAL
—
MeO OMe NH3 MeO NH,
438 98% (5)-439
1. AcCl/Py
49% |2. Hg(OAC)
NBS, BnOH
O OH o OH
ML NHobz <2UHEL NHCbz
HO 86% MeO
(R)-441
(R)-440
96 | PIC
° | 1,4-cyclohexadiene
O OH
NH,
HO
(R)-GABOB 21
Scheme 109.

On the other hand, the reaction of sulfonamide derivative
442 with glycerol afforded only the spiro-cetal 443 in 60%
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yield. Treatment of acetal 443 with methanesulfonyl chlo-
ride and Et3N gave the corresponding mesylate derivative
444 in 90% yield, which on reaction with Me;N led to
trimethylammonium compound 445 in 99% yield. Cleavage
of the chiral auxiliary with HCI provided diol (S)-446 in
99% yield, which upon treatment with HBr in acetic acid
gave the bromo derivative (S)-447 in 92% yield. Nucleo-
philic displacement of the halogen group in (S)-447 with
sodium cyanide produced cyano derivative (R)-448 in
99% yield, which by acidic hydrolysis of the cyano group
led to (R)-carnitine 22 in 80% yield (Scheme 110).!7®

OH

PTSA toluene, A 0
SO2NR2 60% S:O SO2NR2

OH
= -(CHy) 443

90% MsCI/Eta

\ég MeaNEOH \f ; :\’

SO2NR2 99% SO,NR,
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445 444
gg%lm HCl
MsO OH Br
Meﬁ H OH AcOH/MHBr + ?H
BN~ W MegN~_~_ Br
446 92% 447
o, |NaCN
99/°l H,0
B oH
HCI
MeSNM W Me3N\/\/CN
80% 448

(R)-Carnitine 22

Scheme 110.

A condensation reaction of 3-hydroxyglutaronitrile (1)-449
with enantiomerically pure L-cysteine, followed by treat-
ment with methanolic ammonia and subsequent addition
of benzyl bromide, afforded monoamides (R,R)-450 and
(S,R)-451. Silylation of the hydroxy group with tert-butyl-
dimethylsilyl chloride (TBSCl) of diastereoisomerically
pure (R,R)-450 and (S,R)-451 followed by methanolysis
gave methyl esters (R)- and (S)-452, respectively. Deprotec-
tion of the hydroxy group in (R)-452 with HF, followed by
sequential hydrolysis of the nitrile group with a mixture of
MnO,/Si0,, acetylation, Hoffmann degradation using
[bis(trifluoroacetoxy)jiodobenzene (CF5;CO,),IC¢Hs and
saponification, led to (S)-GABOB 21 in 24% yield. On the
other hand, treatment of enantiomerically pure (.5)-452 with
liquid ammonia, followed by sequential deprotection of the
hydroxy group, Hoffmann rearrangement and acidic hydro-
lysis, gave the enantiomerically pure (S)-GABOB 21 in 17%
yield (Scheme 111).17°
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Scheme 111.

Imine formation of 3-benzyloxycyclobutanone 453 with
(S)-a-methylbenzylamine [(S)-a-MBA] followed by oxida-
tion with m-chloroperoxybenzoic acid (m-CPBA) afforded
oxaziridines 454 in 70-79% yield and 49:28:17:6 ratio of
the four stereoisomers. Photolysis of the mixture of the
oxaziridines 454 in acetonitrile gave the readily separable
y-lactams 455 and 456 in 40% and 43% yield, respectively.
Cleavage of both protective groups, N-a-methylbenzyl and
benzyl, in 455 by treatment with sodium in ammonia led to
(R)-4-hydroxypyrrolidin-2-one 457 in 51% yield, which
upon acidic hydrolysis provided (R)-GABOB 21 in 70%
yield (Scheme 112),180-181

On the other hand, treatment of (+)-2,3-dichloro-1-propa-
nol 458 with Alcaligenes sp. DS-K-S38 gave enantiomeri-
cally pure (R)-2,3-dichloro-1-propanol 458 in 41% vyield,
which by reaction with NaOH afforded (S)-epichlorhydrin
459 in 74% yield and 99.5% ee. Addition of Me3N to (S)-
459 followed by treatment with acetone cyanohydrin led
to cyano derivative (R)-461 in 49% yield, which on hydro-
lysis produced enantiomerically pure (R)-carnitine 22 in
65% yield as a chloride salt (Scheme 113).'%?

The enzyme-catalyzed hydrolysis of 3,4-epoxybutyrate (+)-
462 using steapsin (700) lipase from C. cylindracea afforded
(R)-3,4-epoxybutyrate 462 in >95% ee, and the carboxylic
acid derivative (S5)-463. Treatment of (R)-3,4-epoxybuty-
rate 462 with trimethylamine hydrochloride gave ester
derivative 464 accompanied by an extensive amount (ca.
50%) of the corresponding allyl alcohol 465. The conver-
sion of ester (R)-462 into the corresponding carboxylic acid
(R)-463 is difficult to be carried out by conventional chem-
ical methods, but the treatment of (R)-462 with alcalasa 2.0
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T produced carboxylic acid (R)-463, which upon reaction
with trimethylamine hydrochloride followed by addition
of HCI led to the enantiomerically pure (R)-carnitine 22
in 79% vyield as a chloride salt (Scheme 114).!83

On the other hand, enzymatic hydrolysis of (£)-466 using
pig liver esterase (PLE) afforded methyl ester derivative
(R)-466 and carboxylic acid (5)-463 in 40% and 30% yield,
respectively. Treatment of (S)-463 with liquid ammonia led
to enantiomerically pure (S)-GABOB 21 in 97% ee
(Scheme 115).134

Selective transesterification of racemic 2,2,2-trichloroethyl-
3,4-epoxybutanoate (+)-467 with poly(ethylene glycols) of
low molecular weight in the presence of porcine pancreas
lipase (PPL) as a catalyst afforded the corresponding esters
(R)-467 and (S)-468. Hydrolysis of enantiomerically pure
(R)-467 using Pseudomonas sp. followed by treatment with
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trimethylamine hydrochloride and subsequent addition of
HCI gave (R)-carnitine 22 as a chloride salt in >96% ee
and 72% yield (Scheme 116).!8°
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o
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HO
Scheme 116.

On the other hand, esterification of racemic hydroxy deriv-
ative (£)-469 with (S)-a-methoxyphenylacetic acid (MPA)
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produced a 1:1 mixture of diastereoisomers (R,S)-470 and
(S,S)-471. Treatment of diastereoisomerically pure (R,S)-
470 and (S,S)-471 with CH;I followed by acidic hydrolysis
with 3 M HCI provided the enantiomerically pure (R)- and
(S)-carnitine 22, respectively, in 90% yield (Scheme 117).18¢
Similar results were obtained using (R)-o-methoxyphenyl-
acetic acid as a resolving agent.
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(R)-Carnitine 22 (8)-Carnitine 22

Scheme 117.

The reaction of racemic epichlorohydrin (4)-459 with tri-
methylamine in the presence of L-tartaric acid 472 followed
by recrystallization gave bis(trimethylammonium) tartrate
salt 473 in 33% yield. Treatment of tartrate salt 473 with
Ca(CN), obtained in situ from the reaction of Ca(OH),
with HCN afforded the cyano derivative (R)-461 in 89%
yield. Acidic hydrolysis of the cyano group in (R)-461 led
to (R1)8-7carnitine 22 in 82% yield as a chloride salt (Scheme
118).
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Scheme 118.
More recently, Bose et al.!® reported a practical approach

for the synthesis of (R)-GABOB 21 and (R)-carnitine 22
using Jacobsen’s hydrolytic kinetic resolution technique

to resolve epoxide (+)-474. Thus, treatment of epoxide
(£)-474 with (R,R)-salen-Co(III)-OAc 475 complex in
water afforded epoxide (R)-474 in 47% yield and 96% ee.
Cleavage of the benzyl protective group in (R)-474 by
hydrogenolysis gave the corresponding epoxy alcohol
(R)-476 in 85%, which by oxidation with RuCl;/NalO, fol-
lowed by nucleophilic opening of the epoxide ring with a
solution of concentrated ammonium hydroxide led to
enantiomerically pure (R)-GABOB 21. Finally, methyl-
ation of (R)-GABOB 21 under basic conditions produced
(R)-carnitine 22 in 65% yield (Scheme 119).
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The addition of lithium enolate generated from (R)-2-
hydroxy-1,2,2-triphenylethyl acetate (HYTRA) 477 to N-
Cbz-glycinal gave ester (R,R)-478 in 61% yield and 82%
de. Mild alkaline hydrolysis of (R,R)-478 afforded N-
Cbz-y-amino acid (R)-441, which upon hydrogenation led
to (R)-GABOB 21 in 79% yield and 98% ee, after recrystal-
lization (Scheme 120).!8°
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Scheme 120.

Jain and Williams'®® have described the stereoselective
synthesis of (R)-GABOB 21 and (R)-carnitine 22 from
commercially available 1,4-oxazin-2-one 479 via a TiCly-
promoted Mukaiyama-type reaction. In this context, the
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reaction of 479 with the rert-butyldimethylsilylketene acetal
of ethyl acetate in the presence of TiCl, afforded the rerz-
butyldimethylsilyl (TBS) protected hemiacetal 480 as one
single diastereoisomer, which upon treatment with BF;
Et,O gave the elimination product 481 in 95% yield.
Hydrogenation of 481 with H; in the presence of PdCl, led
to the syn-substituted oxazine 482 in 99% yield. Hydrolysis
of 482 followed by hydrogenolysis provided (R)-GABOB
21 in 91% yield, which was converted into (R)-carnitine
22 in 82% yield (Scheme 121).
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Scheme 121.

Reaction of enantiomerically pure (R)-2-fert-butyl-1,3-
oxazoline 483 readily prepared from L-serine with hydro-
gen chloride gave the chloro derivative 484 in 92% yield,
which by treatment with sodium salt of dibenzylmalonate
produced diester 485 in 27% yield. Cleavage of the protec-
tive benzyl group in 485 under hydrogenolysis followed by
decarboxylation using Cu,O afforded carboxylic acid 486
in 91% yield. Finally, acidic hydrolysis of 486 provided
(S)-GABOB 21 in 22% yield (Scheme 122).1°!

On the other hand, treatment of commercially available
1,4-oxazin-2-one 479 with DIBAL-H followed by reaction
with acetic anhydride gave the corresponding hemiacetal
487a in 84% yield, whereas the reaction of 479 with MeLi
or n-BuLi in the presence of CeCl; led to hemiacetals
487b,c in 45-73% yield. The reaction of 487a—c with allyl-
trimethylsilane in the presence of BF;-OEt, afforded allyl
derivatives 488a—c as a single diasterecoisomer. An ozonol-
ysis reaction of 488a—c followed by oxidation with PDC in
DMF gave the carboxylic acids 489a—c, which by catalytic
hydrogenation in the presence of PACl, provided (R)-GA-
BOBlgzl and their derivatives 490b,c in good yield (Scheme
123).
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Scheme 123.

The addition of the boron enolate derived from oxazolidi-
none (S5)-491 to amino aldehyde 492 afforded the syn aldol
493 in 65% yield, which by treatment with sodium methox-
ide gave the y-amino ester derivative 494 in 75% yield. An
acetylation reaction of 494 followed by cleavage of the
phthalimido protective group with hydrazine gave 495 in
52% vyield (Scheme 124).1%3

On the other hand, the addition of Et,AICN to a dicar-
bonyl derivative 496 readily available from N-propio-
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nyloxazolidinone (S)-491, in the presence of ZnBr, or
Et,AICl, afforded the corresponding cyanohydrin 497 in
73% yield and 96:4 dr. Catalytic hydrogenation of the cya-
no group in 497 with Raney-nickel gave amino alcohol
derivative 498, which upon protection of the hydroxy
group with ethyl vinyl ether in the presence of pyridinium
p-toluenesulfonate (PPTS), followed by cleavage of the chi-
ral auxiliary under basic hydrolysis, provided the N-acetyl
GABOB derivative 499 in 84% yield (Scheme 125).1%4
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Scheme 125.

Todocyclization of derivative (S)-501 obtained from (S)-o-
methylbenzylamine [(S)-0-MBA] and (E)-4-bromo-2-bute-
noate 500 gave a readily separable mixture (50:50) of oxaz-
olidin-2-ones 502 and 503. Cleavage of the C-I bond in
diastereoisomerically pure 502 with tri-n-butyltin hydride
afforded oxazolidinone 504 in 78% yield, which by treat-
ment with lithium in liquid ammonia provided (R)-GA-
BOB 21 (Scheme 126).1°> (S)-GABOB 21 can be obtained
from 503.

(0]
(0]
M 1. (S)-0-MBA MOEt
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Ph N O O 2.6M HCI HZN/YY
\l/ il : OH O
o) 70%
(R)-GABOB 21
504
Scheme 126.

Reduction of 4-chloro-3-oxobutyrate 505 with baker’s
yeast (Saccharomyces cerevisiae) afforded (R)-4-chloro-3-
hydroxybutyrate 506 in high enantiomeric excess, which
upon treatment with excess trimethylamine, followed by
acidic hydrolysis, gave (R)-carnitine 22 in 45% yield
(Scheme 127).1°¢ (R)-GABOB 21 has been obtained in a
similar way via reduction of 4-azido-3-oxobutyrate with
S. cerevisiae.'”’

0O O OH o

Cl M baker's Cl \/E\A

OCgHq7 225y, OCgH17
yeast

505 (R)-506

o, | 1. MegN/H,0
45% le. HCl

OH o
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MesN__A L o
(R)-Carnitine 22

Scheme 127.

In a similar way, baker’s yeast reduction of B-oxo esters
508a and 508b readily available from N-protected glycine
507a and 507b afforded the corresponding hydroxy esters
509a and 509b in good yield and 99.3% ee for 509a and
92.4% ee for 509b. Hydrolysis of the methyl ester function
in 509a and b followed by cleavage of the protective groups
with trifluoroacetic acid or H, in the presence of Pd/C pro-
ducecligghe enantiomerically pure (R)-GABOB 21 (Scheme
128).

On the other hand, homogeneous enantioselective hydro-
genation of ethyl 4-chloro-3-oxobutanoate 510 using
Ru-(OCOCH;),[(S)-BINAP] gave ethyl 4-chloro-3-hydroxy-
butanoate (R)-511 in 97% yield and 97% ee, which could be
transformed into (R)-carnitine 22 by treatment with
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trimethylamine followed by hydrolysis (Scheme 129).!°°
Ethyl 4-chloro-3-hydroxybutanoate (S)-511 has been pre-
pared via hydrogenation of 510 using Ru(OCOCH;3),[(R)-
BINAP] as a catalyst.

o 9 (S)-BINAP-Ru OH 0
CI\MOB He CIMOEt
510 97% (R)-511; 97% ee
lm MegN/HpO
2. HCI
OH o

+ H
MesN__~ o
(R)-Carnitine 22

Scheme 129.

Asymmetric hydrogenation of ethyl 4-(dimethylamino)-
3-oxobutanoate 512 catalyzed by ligands [4-(dicyclo-
hexylphosphino)-2-(di-3,5-xylylphosphinomethyl)- N-methyl-
I-pyrrolidinecarboxamide] [referred to as (2S,49)-
MCCXM] and [4-(dicyclohexylphosphino)-2-(diphenylphos-
phinomethyl)- N-methyl-1-pyrrolidinecarboxamide] [referred
to as (25,45)-MCCPM] Rh?" complex gave ethyl 4-(di-
methylamino)-3-hydroxybutanoate (5)-513 in quantitative
yield and moderate enantiomeric excess. Treatment of (.S)-
513 with methyl iodide and acidic hydrolysis led to (S)-car-
nitine 22 as a chloride salt in 80% yield (Scheme 130).2%°
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Scheme 130.

Enantioselective hydrogenation of 4-(trimethylammo-
nium)-3-oxobutanoic acid 514 catalyzed by [RuCl,(R)-BI-
NAPLNEt; at room temperature and 100 atm afforded
(S)-carnitine 22 as a chloride salt in 75% yield and 96%
ee, whereas hydrogenation of 514 using (.S)-BiphempRuBr,
as a catalyst gave (R)-carnitine 22 as a chloride salt in 90%
yield and 80% ee (Scheme 131). This procedure has also
been used for the preparation of 4-chloro-3-hydroxybut-
anoate (R)-511 in 100% yield and 89% ee.?’!

cr . 9 0 cr o, \/(‘)\Hi
MeaN H,, 100 atm, 25 °C MeaN
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es OH
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Scheme 131.

On the other hand, treatment of N-(2-benzyloxyethyl)-N-
(tert-butyl)diazocetamide 516 readily obtained from 515
with Rh,(4S-MEOX), complex in THF at 20 °C afforded
y-lactam (S)-517 in 90% yield and 78% ee (91% ee after
purification). Hydrolysis of y-lactam (S)-517 with hydro-
chloric acid followed by treatment with benzyl chlorofor-
mate (CbzCl) gave (S)-N-Cbz-GABOB 441 in 67% yield.
In this process, both N-tert-butyl and O-benzyl groups
were removed together with the ring opening. Cleavage
of Cbz protective group led to (S)-GABOB 21 in 90% yield
(Scheme 132).202
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3. LIOH, H,0 (0]
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HO 2. CbzCl Bno-“
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go%l H,, Pd/C o
3—-00 Me
o on oy 2
i \/ 1/
M A NH, RAE—RA
HO | 7
(S)-GABOB 21

Rh,(4S-MEOX),

Scheme 132.

Asymmetric catalytic aldol-type reaction of aldehydes
518a-c with the trimethylsilylketene acetal of ethyl or
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tert-butyl thioacetate in the presence of chiral binaphthol-
derived titanium dichloride 519 (BINOL-TiCl,) afforded
the aldol products (R)-520a—c in 61-81% yield and 88—
94% ee, which are useful intermediates in the synthesis of
(R)-GABOB 21 and (R)-carnitine 22 (Scheme 133).2%3
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Scheme 133.

Asymmetric aminohydroxylation of ether 521 using dihy-
droquinidine ligand (DHQD),AQN afforded y-amino alco-
hol derivative (R)-522 in 67% yield and 81% ee (96% ee
after recrystallization), which upon treatment with TBSCI
produced the corresponding triprotected compound (R)-
523 in 86% yield. Elimination of the p-nitrophenyl (PNP)
protective group in (R)-523 involving the reduction of the
nitro group followed by acetylation and subsequent oxida-
tive cleavage with cerium ammonium nitrate (CAN) pro-
vided alcohol (R)-524 in 62% yield. Finally, oxidation of
(R)-524 with 2,2,6,6-tetramethyl-1-piperinyloxy (TEMPO)
produced the diprotected (R)-GABOB derivative (R)-525
in 85% yield (Scheme 134).2%4
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On the other hand, asymmetric dihydroxylation of allyl
bromide in the presence of bis(dihydroquinidine) phthal-
azine 526 afforded bromo-diol (S)-527 in 61% yield and
72% ee. The reaction of (.5)-527 with trimethyl orthoacetate
and p-toluenesulfonic acid (PTSA), followed by the addi-
tion of trimethylsilyl chloride, gave the corresponding

dihalide (.5)-528 in 96% yield, which by selective displace-
ment of bromide with KCN produced cyano derivative
(R)-529 in 70% yield. Treatment of (R)-529 with saturated
aqueous ammonia and subsequent acidic hydrolysis gave
(R)-GABOB 21 in 49% yield and 90% ee. However, the
reaction of (R)-529 with an excess of aqueous trimethyl-
amine followed by hydrolysis with concentrated HCI led
to (R)-carnitine 22 in 59% yield and 95% ee (Scheme
135).205
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Scheme 135.

Asymmetric epoxidation of homoallyl alcohol 530 using
Ti(Oi-Pr)4, L-diethyl tartrate (L-DET), and fert-butyl
hydroperoxide (TBHP) afforded epoxy alcohol (R)-476 in
55% ee, which by oxidation using RuCl;/NalO, gave the
epoxy acid (R)-463. Treatment of epoxy acid (R)-463 with
concentrated NH4OH produced (R)-GABOB 21 in 66%
yield from (R)-476 and 49% ee, which by recrystallization
provided (R)-GABOB 21 in 95-97% ee (Scheme 136).2%¢
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Scheme 136.

Treatment of commercially available (R)-epichlorohydrin
459 with phenyllithium in the presence of CuCN gave
chlorhydrin (R)-531 in 93% yield. The reaction of (R)-531
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with sodium azide followed by protection of hydroxy
group with di(zert-butyl)carbonate (Boc),O afforded the
compound (R)-532 in 82% yield. Oxidation of (R)-532 un-
der Sharpless conditions,?°® followed by cleavage of the
Boc protective group with trifluoroacetic acid (TFA) and
subsequent reduction led to (R)-GABOB 21 in 75% yield
(Scheme 137).297
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., | 1. NaNaOMF
82 /"lz. (Boc),0

OH o 1. Sharpless OBoc

conditions NS\/é\/ Ph
H 2. TFA
3.Hp (R)-532
75%

HZN\/é\)LO

(R)-GABOB 21

Scheme 137.

In a similar manner, the addition of vinyl magnesium bro-
mide to (R)-epichlorohydrin 459 in the presence of CuBr
afforded chlorhydrin (R)-533 in 84% yield. Treatment of
(R)-533 with aqueous trimethylamine produced chlorohy-
drate (R)-534 in 99% yield, which upon oxidative ozonoly-
sis gave enantiomerically pure (R)-carnitine 22 in 81% yield
(Scheme 138).208
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Scheme 138.

The reaction of commercially available (R)-glycidyl tosyl-
ate 535 with acetonitrile in the presence of boron trifluoride
diethyl etherate gave the corresponding oxazoline 536,
which upon acidic hydrolysis followed by tritylation of
the amino group afforded the tosylate derivative (S)-537
in 67% yield. The reaction of (S)-537 with sodium iodide
and subsequent nucleophilic displacement with sodium
cyanide led to cyano derivative (S)-538 in 33% yield, which
upon treatment with potassium carbonate produced
cyano-alcohol (5)-539 in 93% yield. Finally, acidic hydro-
lysis followed by cleavage of trityl protective group gave
enantiomerically pure (S)-GABOB 21 in 96% yield
(Scheme 139).2%°

An efficient synthesis of (R)-GABOB 21 from commercially
available (S)-4-chloro-3-hydroxybutyronitrile (S)-529 has
been reported by Kawamoto et al.?!® In this context, the
hydrolysis of the nitrile group in (S)-529 with H,O, and
NaOH afforded amide (.5)-540, which upon treatment with
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Scheme 139.

aqueous ammonia and subsequent hydrolysis with ion ex-
change resin IRA-120 (acid form) gave enantiomerically
pure (S)-GABOB 21 in 80% yield (Scheme 140).
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Scheme 140.

On the other hand, Wang and Hollingsworth?!'! reported
the synthesis of (R)-4-amino-3-hydroxybutyronitrile 545,
a key intermediate in the synthesis of (R)-GABOB 21
and (R)-carnitine 22, using (S)-3-hydroxy-y-butyrolactone
541 as the starting material, which is readily obtained from
carbohydrates including lactose, maltose, and maltodext-
rins.?!? Thus, the reaction of y-butyrolactone (S)-541 with
HBr and acetic acid in ethanol gave the bromoester deriv-
ative (S5)-542 in 90% yield, which by nucleophilic displace-
ment with sodium cyanide afforded cyano compound (R)-
543. Treatment of (R)-543 with hydrazine led to derivative
(R)-544 in excellent yield. Finally, the reaction of (R)-544
with sodium nitrite and sulfuric acid gave (R)-4-amino-3-
hydroxynitrile 545 in 80% yield (Scheme 141). Compound
(R)-545 could then be transformed into (R)-GABOB 21
and (R)-carnitine 22 using the protocol described above.

On the other hand, treatment of (R)-3-hydroxy-y-butyro-
lactone 541 with trimethylsilyliodide (Me;Sil) in ethanol
afforded iodohydrin (R)-546 in 80% yield. Nucleophilic dis-
placement of iodide in (R)-546 with sodium azide gave the
corresponding azidoester (R)-547 in quantitative yield,
which upon hydrolysis and subsequent catalytic hydroge-
nation gave enantiomerically pure (R)-GABOB 21 in 75%
yield (Scheme 142).213
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Recently Tiecco et al.!* reported a simple and stereoselec-
tive synthesis of (R)- and (S)-GABOB 21, through orga-
noselenium intermediates, starting from commercially
available ethyl (R)- or (S)-4-chloro-3-hydroxybutyrate
511. In this context, the reaction of (R)-511 with diphenyl
diselenide in the presence of NaH afforded the correspond-
ing B-hydroxyalkyl phenyl selenide (R)-548 in 86% yield,
which upon treatment with benzoyl isocyanate gave N-ben-
zoylcarbamate derivative (R)-549 in 89% yield. Oxidation
of (R)-549 with m-chloroperoxybenzoic acid (m-CPBA) in
the presence of K,;HPO, produced the corresponding sele-
none intermediate 550, which led to the 1,3-oxazolidin-2-
one (R)-551 as a result of an intramolecular displacement
of the selenoyl group by the nitrogen atom in the carba-
mate. Finally, acidic hydrolysis of (R)-551 provided the
enantiomerically pure (R)-GABOB 21 in 73% yield
(Scheme 143). (S)-GABOB 21 was obtained in an identical
way using (S)-511 as the starting material.

On the other hand, ethanolysis of (R)-4-(trichloromethyl)-
oxetan-2-one 552 in the presence of catalytic amounts of p-
toluenesulfonic acid (PTSA) afforded trichlorobutyrate
(R)-553 in quantitative yield. Selective bis-dechlorination
of (R)-553 with n-BusSnH gave ( R)-4-chloro-3-hydroxybu-
tyrate (R)-511 in 96% yield, which can be transformed into
(R)-GABOB 21 and (R)-carnitine 22 (Scheme 144).2!°
Additionally, Pellegata et al.>'® have reported the prepara-
tion of (R)-511 using PB-pinene as the starting material,
which was also transformed into (R)-GABOB 21 and
(R)-carnitine 22.
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Commercially available (R)- and (S)-malic acid have been
used as a starting material in the synthesis of both enantio-
mers of GABOB and carnitine. For example, treatment of
(R)-malic acid with benzyl alcohol in the presence of PTSA
afforded diester (R)-554 in 95% yield, which upon chemose-
lective reduction with BH3'DMS complex and NaBH, gave
the corresponding diol (R)-555 in 70% yield. The reaction
of diol (R)-555 with p-toluenesulfonyl chloride (TsCl) pro-
duced the ditosylate (R)-556 in 90% yield, which by nucleo-
philic displacement with trimethylamine provided the
amino derivative (R)-557 in 90% vyield. Finally, cleavage
of benzyl group in (R)-557 by hydrogenolysis led to (R)-
carnitine 22 in quantitative yield (Scheme 145). (S)-Carni-
tine 22 was obtained in an identical manner using (S)-malic
acid as starting material.?!’

Chemoselective reduction of (R)-malic acid dimethyl ester
558 with BH3'DMS complex in the presence of NaBH4
gave diol (R)-559 in 90% yield, which by treatment with
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p-toluenesulfonyl chloride produced the monotosylate
derivative (R)-560 in 64% yield. Nucleophilic displacement
of the tosyl group in (R)-560 with sodium azide afforded
the corresponding azide (R)-561 in 83% yield, which by cat-
alytic hydrogenation in the presence of (Boc),O gave the
diprotected (R)-GABOB 509a in 87% yield (Scheme
146).218’219
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Scheme 146.

The reaction of acetal (5)-562 obtained from (S)-malic acid
dimethyl ester 558, with NaH and benzyl bromide followed
by hydrolysis, gave diol (5)-563 in 77% yield, which upon
treatment with benzoyl chloride afforded compound (S)-
564 in 75% yield. Conversion of (.5)-564 into the mesylated
compound followed by ring closure furnished epoxy deriv-
ative (R)-474. Ring opening in (R)-474 with sodium azide
produced the corresponding alcohol-azide derivative (R)-
565 in 87% yield, which on catalytic hydrogenation and
subsequent addition of trichloromethyl chloroformate led
to oxazolidin-2-one (R)-566 in 72% yield. Cleavage of the
benzyl protective group in (R)-566 followed by oxidation
with zinc permanganate gave carboxylic acid (R)-567,
which on treatment with diazomethane afforded methyl

ester (R)-568. Finally, acidic hydrolysis of (R)-568 provided
the enantiomerically pure (R)-GABOB 21 in 75% yield

(Scheme 147).2%°
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Scheme 147.

The same authors have reported the synthesis of
(R)-GABOB 21 using (S)-malic acid monobenzyl ester
569 as a starting material.??! In this context, treatment of
(S)-569 with diphenylphosphoryl azide gave oxazolidinone
(S)-570 in 75% yield, which on cleavage of the benzyl pro-
tective group under hydrogenolysis afforded carboxylic
acid (S)-571 in 95% yield. Treatment of (S)-571 using
Arndt-Eistert conditions led to methyl ester (S)-568 in
20% yield, which was transformed into enantiomerically
pure (R)-GABOB 21 (Scheme 148).

On the other hand, treatment of monotosylate 572 ob-
tained from (+)-tartaric acid with sodium azide afforded
alcohol-azide 573 in 88% yield, which on catalytic hydroge-
nation and subsequent reaction with benzyloxycarbonyl
chloride gave the corresponding N-Cbz-amino derivative
574. Treatment of 574 with p-toluenesulfonyl chloride
(TsCl) followed by reaction with sodium iodide produced
compound 575 in 69% yield, which by treatment with acti-
vated zinc provided olefin (R)-576 in 91% yield. The reac-
tion of (R)-576 with sodium hydride followed by the
addition of benzyl bromide gave oxazolidin-2-one (R)-577
in 78% yield. Hydroboration—oxidation of the double bond
in (R)-577 provided alcohol (R)-578, which on Jones oxida-
tion led to carboxylic acid (R)-579. Finally, cleavage of the
benzyl protective group using lithium in liquid ammonia
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followed by acidic hydrolysis afforded the enantiomerically
pure (R)-GABOB 21 in 35% yield (Scheme 149).222
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Renaud and Seebach??? have reported the synthesis of (R)-
GABOB 21 on preparative scale using (25,4 R)-N-acetyl-4-
hydroxyproline 580 as the starting material. In this context,
electrochemical oxidation of (25,4R)-580 in methanol gave
the 2-methoxypyrrolidine derivative 581 in 97% yield,
which upon treatment with peracetic acid or m-chloroper-

oxybenzoic acid (m-CPBA) furnished y-lactam (R)-582.
Finally, acidic hydrolysis of (R)-582 led to enantiomerically
pure (R)-GABOB 21 in 65% overall yield from 580
(Scheme 150).

OH OH
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Scheme 150.

Treatment of (S)-glycerol acetonide 583, readily available
from D-manitol, with phthalimide under Mitsunobu condi-
tions using Ph;P and diethylazodicarboxylate (DEAD)
afforded the phthalimide derivative (S5)-584 in 68% yield.
Hydrolysis of (5)-584 with trifluoroacetic acid, followed
by treatment with thionyl chloride in pyridine, gave cyclic
sulfite (S5)-585 in 94% yield. The reaction of (S)-585 with
potassium cyanide produced the cyano derivative (R)-586
in 70% yield, which by acidic hydrolysis led to enantiome-
rically pure (R)-GABOB 21 in 84% yield as a hydrochloride
salt. Treatment of (R)-21 with an excess of iodomethane
provided (R)-carnitine 22 in 62% yield (Scheme 151).2%*
Jung and Shaw have reported the preparation of
(R)-GABOB 21 using (R)-glycerol acetonide 583 as the
starting material.>?®
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On the other hand, treatment of potassium D-erythronate
587, readily prepared from p-arabinose, with HBr in acetic
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acid followed by the addition of methanol afforded di-
bromo methyl ester 588 in 76% yield. Selective hydrogenol-
ysis of 588 gave 4-bromo methyl ester (S)-589 in §9% yield,
which by nucleophilic displacement with sodium azide pro-
vided the corresponding azide derivative (S)-561 in 89%
yield. Catalytic reduction of the azide group in (S)-561 fol-
lowed by hydrolysis of methyl ester led to enantiomerically
pure (S)-GABOB 21. Additionally, treatment of (.5)-589
with trimethylamine followed by hydrolysis produced (.5)-
carnitine 22 in 65% yield (Scheme 152).22¢ (R)-GABOB
21 and (R)-carnitine 22 were obtained in a similar way
via 4-bromo methyl ester (R)-589 obtained from either L-
arabinose or L-ascorbic acid.
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Scheme 152.

Bols et al.??” have reported the synthesis of (R)-carnitine 22
using 3-deoxy-D-xylo-hexono-1,4-lactone 590 as the start-
ing material. In this context, treatment of 590 with aqueous
dimethyamine afforded the corresponding amide 591 in
76% yield, which by reduction with the BH3-DMS complex
gave dimethylamine 592 in 79% yield. The reaction of 592
with Mel in methanol followed by oxidation with KMnQO,4
in acidic media produced enantiomerically pure (R)-carni-
tine 22 in 52% yield, after crystallization. In an alternative
approach, oxidation of 590 using NalO, afforded the alde-
hyde-lactone derivative 593 in quantitative yield, which by
hydrogenation in the presence of methylamine gave the
amide-amine derivative 594 in 90% yield. Hydrolysis of
the amide functionality in 594 followed by treatment with
(Me0),S0O,/Na,CO5 led to ammonium salt 595 in 51%
yield, which was converted into (R)-carnitine 22 by oxida-
tion with KMnQy, (Scheme 153).

3.3. p-Hydroxy-y-amino acids (statine and analogues)>*®

(35,4S5)-4-Amino-3-hydroxy-6-methylheptanoic acid 23
(statine) and its analogues, cyclohexylstatine 26,
(35.,4S,55)-4-amino-3-hydroxy-5-methylheptanoic acid
(isostatine 27), (3R,4S5)-3-hydroxy-4-methylamino-5-phen-
ylpentanoic acid 28, and (2R,3R,2'S)-3-(2'-pyrrolidinyl)-
3-methoxy-2-methylpropanoic acid (dolaproine 29), are
essential components of several natural and synthetic com-
pounds.?’ 27 These key structural units are found in mole-
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cules showing several types of pharmacological activities
including protease inhibitors, antineoplastic agents, anti-
bacterials, and anticancer drugs. The significance of these
molecules is also evident given the number of research pub-
lications dedicated to their synthesis. In this context, in
1992 Shibuya et al.?*® published a review, which includes
the synthesis of y-amino-B-hydroxy acids from o-amino
acids. Now we described herein an update over the stereo-
selective synthesis of statines and its analogues from 1992
to 2006.

Kinetic resolution of racemic y-lactams (+)-597 obtained in
five steps from methyl ( £)-4-chloro-3-methoxybut-2-enoate
596, using Candida cylindracea Lipase (CCL), afforded
compound (S,5)-597 in 43% and >99% ee, and alcohol
(R,R)-598. Hydrolysis of (S,5)-597 with concentrated
HBr followed by treatment with di(zert-butyl)carbonate
(Boc),O gave N-Boc-B-hydroxy-y-amino acids 599a and
599b in good yield (Scheme 154).230

Recently Kambourakis and Rozzel?*! reported a chemoen-
zymatic method for the synthesis of ethyl ester derivatives
603a and 603b, which are key intermediates in the synthesis
of statine 23 and phenylstatine derivatives. In this context,
reduction of racemic 2-substituted diethyl ketoglutarates
600a and 600b readily available by alkylation of diethyl
1,3-acetonedicarboxylate with the appropriate alkyl halide,
using the commercially available ketoreductases (KRED-
10,000), afforded only one of the diastereoisomeric alcohols
601a and 601b in high yield. Regioselective basic hydrolysis
of 601a and 601b gave the corresponding mono-acids 602a
and 602b in 95% yield, which by acetylation of the hydroxy
group followed by treatment with oxalyl chloride and
ammonia, and subsequent rearrangement under Hoffmann
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conditions using [(CF3CO,),IC¢Hs] led to y-amino esters
603a and 603b (Scheme 155).
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On the other hand, resolution of 4-amino-1-alken-3-ol 604
using Candida antarctica (CAL-B) gave the acetylated
derivative (S,R)-605 in 49% yield and 99% ee, and (S,S)-
604 in 46% yield and 99% ee. Basic hydrolysis of the acetyl
function in (S,R)-605 followed by O-silyl protection and
subsequent N-methylation gave compound (S,R)-606 in
93% yield. Hydroboration of (S,R)-606 followed by oxida-
tion led to diprotected (S,R)-B-hydroxy-y-amino acid 607,
which has been utilized as a chiral building block in the
synthesis of hapalosin®® (Scheme 156).232

The effectiveness of non-racemic sulfoxides as a chiral aux-
iliary in asymmetric synthesis (its high optical stability and
its accessibility in both enantiomers)?3? has established the
chiral sulfinyl group as one of the most efficient and versa-
tile chiral controllers in C—C bond formation.?* In this
context, the addition of a lithium salt of (R)-p-tolyl-y-bute-

OH

=
Ph

NHBoc
604

CAL-B
CH,=C(OAc)Me

OAc OH

é/ =
Ph/\‘/\/ + Ph

NHBoc
(S,R)-605
49% (>99% ee)

NHBoc
(S,5)-604
46% (>99% ee)

1. NaOH
93% | 2. TBSCl/imidazole
3. NaH/Mel

TBSO TBSO o

S 1.9BBNTHF :
—
Ph/Y\/ 2. H,0,/NaOH Ph OH
NBoo 3. TEMPONacO; | NBoc

M 80%
(S,R)-606

(3R,45)-607

Scheme 156.

nyl sulfoxide 608 to imine 609 afforded, with overwhelming
preference, two diastereoisomeric N-PMP-B-amino sulfox-
ides 610 and 611 out of the four theoretically possible, in
2.75:1.0 ratio. Treatment of the mixture of diastereoiso-
meric sulfoxides 610 and 611 with ceric ammonium nitrate
(CAN) followed by flash chromatography and subsequent
reaction with benzyl chloroformate gave N-Cbz-amino
sulfoxide 612 in good yield. A Pummerer reaction®®> of
612 afforded derivative 613, which by treatment with an ex-
cess of NaBH, provided B-amino alcohol 614 in 94% yield
and with an overall stereoselectivity >98/2. Finally, oxida-
tive cleavage of the double bond using KMnOy, led to N-
Cbz protected syn-y-trifluoromethyl y-amino-B-hydroxy-
butyric acid 615 (y-Tfm-GABOB) (Scheme 157).23¢

The preferential formation of diastereoisomer 610 can be
explained by the fact that the lithiated butenyl sulfoxide de-
rived from 608 reacted mainly in the anti-geometry, having
p-tolyl and allyl groups trans with respect to the plane de-
fined by the O-S—-C-Li bonds, through a Zimmerman—
Traxler?®’ (aldol-type) transition state (Fig. 5).

However, the addition of the lithium salt of (S)-p-tolyl-y-
butenyl sulfoxide 608 to a-amidoalkyl sulfone 616 readily
obtained from isobutyraldehyde gave a mixture of the four
diastereoisomeric sulfoxides 617620 in excellent overall
yield, with compound 619 as the major diastereoisomer.
A Pummerer reaction of diastereoisomerically pure 619
with trifluoroacetic anhydride (TFAA) and sym-collidine
followed by treatment with NaBH, afforded the corre-
sponding amino alcohol 621, which by oxidation and
subsequent catalytic hydrogenation led to diastereo-
isomerically pure (3S,4S)-statine 23 (Scheme 158).238
(3S,4R)-Epistatine 622 was also obtained from 618.

Yuste et al.?3° described the synthesis of N-Boc-statine
629a and N-Boc-epistatine 630a from B-ketosulfoxide
623. Thus, the reduction of B-ketosulfoxide 623, readily
obtained from L-leucine, with DIBAL-H in the presence
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of ZnBr, afforded the corresponding (2R,3S,Rs)-B-hydr-
oxysulfoxide 624 in 75% yield and >97% de.>*° On the
other hand, the reduction of 623 with only DIBAL-H gave
(28,35, Rs)-B-hydroxysulfoxide 625 in 71% yield and >97%
de.?*® The reduction of the sulfinyl group in 624 accom-
plished by reaction with TiCl; in ethanol, followed by
treatment with trimethyloxonium tetrafluoroborate and
subsequent addition of K,CO;, provided epoxide 626a in
57% overall yield. Regioselective oxirane opening in 626a
with Et,AICN led to an hydroxynitrile derivative, which
by reaction with 2,2-dimethoxypropane (DMP) produced
N-Boc-oxazolidine 627a in 50% yield. Reduction of the ni-
trile group in 627a into an aldehyde using DIBAL-H, fol-
lowed by the oxidation with KMnOy,, afforded the
carboxylic acid 628a in 73% yield. Finally, acidic hydrolysis
with acetic acid gave N-Boc-statine 629a in 80% yield. N-
Boc-epistatine 630a was obtained in a similar way using
B-hydroxysulfoxide 625 as the starting material (Scheme
159).

On the other hand, reductive cross-coupling of aldehyde
631 with chiral N-tert-butanesulfinyl imine 632 in the pres-
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ence of Sml, afforded B-amino alcohol derivative 633 in
58% yield and 99% de, which upon acidic hydrolysis fol-
lowed by treatment with aqueous ammonia gave the
(3R,4S)-epistatine 622 in 80% yield (Scheme 160).24!

Williams et al.>*? have reported the asymmetric synthesis of
statine 23 and cyclohexylstatine 26 from commercially
available glycine templates (2R,3S)-diphenyloxazinone
634. Thus, alkylation of lithium enolate derived from 634
afforded the alkylated products 635a and 635b in high dia-
stereoselectivity, which by treatment with DIBAL-H fol-
lowed by an acetylation reaction gave hemiacetals 636a
and 636b. Condensation of 636a and 636b with rert-butyl-
dimethylsilylketene acetal of ethyl acetate in the presence
of ZnBr, gave the coupling products 637a and 637b and
638a and 638b in 4:1 ratio. Hydrolysis of diastereoisomers
637a and 637b, and subsequent reduction with lithium in
liquid ammonia provided statine 23 and cyclohexylstatine
26 in 69% and 82% yield, respectively (Scheme 161).

On the other hand, the addition of allyltrimethylsilane to
ent-636b in the presence of TiCl, afforded allyl derivative
639 as the only diastereoisomer in 90% yield. Oxidation
of 639 with ozone followed by treatment with PDC in
DMF gave the corresponding carboxylic acid 640, which
upon reduction with lithium in liquid ammonia provided
(3S,4R)-epistatine 622 in 80% yield (Scheme 162).243



M. Ordoriez, C. Cativiela | Tetrahedron: Asymmetry 18 (2007) 3-99 51

Y?“

NHBoc
ZnBrz DIBAL- H DIBAL-H
HF, -78 © THF, -78 ©
OH ('J
S<
\rﬁ/k/ Tol Y\(\/
NHBoc NHBoc
624; >97% de 625; >97% de
1. TiCly/HCI/EtOH
57% th
steps e 2 l“("eégBF“
- 2 3 CN
1. Et,AICN
2. DMP (0]
NHBoc 509 two BocN\ﬁ
1t
626a steps 627a
o, |1. DIBAL-H
73 “lz. KMnO,

COxH

OH ? OH ©
\rY\/S\Tol =, \rY\AOH
NHBoc NHBoc
625 630a
Scheme 159.
o
1
tBu/S\N
t-BuO H -
Y - )\/L
O O H
. Sml,, +-BuOH
58% | 11, 78 %
o
$
+Bu” " NH NH,
1. HCI
t'BUO\H/\/k)\ — HO\H/\/k)\
T 2. NHg.H,0 5
O OH 80% O OH
633; 99% de (3R45)-622
Scheme 160.

a,a-Dichlorocyclobutanones have been used in the diaste-
reoselective synthesis of statine analogues. For example,
diastereofacial selective [2+2] cycloaddition of chiral O-
alkyl enol ether 641 and dichloroketene afforded o,o-
dichlorocyclobutanone 642, which under Beckmann ring
expansion with Tamura’s reagent [O-(mesitylenesulfonyl)-
hydroxylamine]?** gave o,0-dichloro-y-lactam 643. Treat-
ment of 643 with Zn—Cu followed by the ring opening of
v-lactam with trifluoroacetic acid produced statine 23 in
60% yield (Scheme 163).24°
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In a similar manner, [2+2] cycloaddition of chiral N-Boc-a-
amino aldehyde 301d and dichloroketene, generated from
dichloroacetyl chloride and triethylamine, gave B-lactone
644 in 35% yield, which under catalytic hydrogenation in
the presence of triethylamine and ethanol afforded the cor-
responding phenylstatine derivative 645 in 81% yield
(Scheme 164).24¢
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On the other hand, intramolecular ruthenium(II)

[RuCl,(PPhjs)s]-catalyzed cyclization of 3-acyl-2-oxazolone
646 gave the 12-membered lactone 647 with perfect regio-
and diastereoselectivity, which by treatment with methanol
afforded the 4-methoxy-2-oxazolidinone derivative 648 in
quantitative yield. Reductive cleavage of the lactone func-
tion in 648 with LiBH, in methanol produced the corre-
sponding alcohol 649, which by protection with fert-
butyldimethylsilane (TBSCl) and subsequent substitution
of methoxy group by the cyano group using i-Bu-
Cu(CN)MgBr in the presence of BF;Et,O provided the
corresponding 4-isobutyl derivative 650 with complete
retention of configuration.?*” Jones’ oxidation of 650 fol-
lowed by esterification with diazomethane led to methyl
ester 651. Finally, cleavage of oxazolidinone 651 by
hydrolysis and subsequent reductive dechlorination using
n-Bu%i?Hz produced the protected statine 652 (Scheme
165).

4-Amino-1-alken-3-ols are important starting materials in
the stereoselective synthesis of y-amino-B-hydroxy acids.
For example, the enantiomerically pure 4-amino-1-alken-
3-ols 653a-d have been used as key intermediates in the
synthesis of statine and analogues conveniently protected
as oxazolines 657a—d. In this context, intramolecular palla-
dium(0)-catalyzed reaction of acetyl derivatives 654a-d
readily obtained from 4-amino-1-alken-3-ols 653a-d gave
trans-oxazolines 655a—d in good yield and high diastereo-
selectivity. Hydroboration reaction of 655a-d with (9-BBN)

O
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followed by oxidative workup provided alcohols 656a-d,
which on direct oxidation with NalO4/RuCl; and subse-
quent treatment with diazomethane afforded y-amino-p-
hydroxy acids 657a—d conveniently protected as oxazolines
in good yield (Scheme 166).24

The high diastereoselectivity of the cyclization of 654a—d
may arise due to the differences of steric interactions
between the bulky R group, and the hydrogen of the =n-
allylpalladium complex in the transition states A and B.
Consequently, the cyclization proceeds through the more
favored transition state A as shown in Figure 6.

On the other hand, the reaction of (y-alkoxyallyl)titanium
659, generated by the reaction of acrolein dibenzyl acetal
658 and the divalent titanium reagent (n’-pro-
pene)Ti(OiPr),, with chiral imine 660, prepared from alde-
hydes and enantiomerically pure (R)-o-methylbenzylamine,
afforded in a regiospecific manner the enantiomerically
pure syn-1-vinyl-2-amino alcohol derivative 661 in 48%
yield and 80% de. Although four diastereoisomeric prod-
ucts are possible for the reaction of 659 with 660, the
1-vinyl-2-amino alcohol derivative 661 having and anti-
Cram-syn structure was produced as the principal product.
Protection of amino group in diasterecoisomerically pure
661 as its methyl carbamate using CICO,Me and K,CO;
followed by oxidative hydroboration reaction with (9-
BBN) gave the corresponding alcohol 662 in 69% yield.
Debenzylation of 662 under Birch reduction conditions
and subsequent cyclization using NaH in THF led to oxa-
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zolidinone derivative 663 in 70% yield. Sequential hydroly-
sis of 663 using Ba(OH), in ethanol, N-Boc protection of
the amino group and selective oxidation of alcohol using
PtO,/O, under conditions described by Sakaitani and
Ohfune®*° led to N-Boc statine 629a (Scheme 167).2!

The addition of allylmagnesium bromide to aldehydes 301¢
and 301e readily obtained from L-leucine and L-phenylgly-
cine, respectively, afforded allylic alcohols syn-664 and anti-
665 in 54% yield and with moderate diastereoselection
(synfanti = 4.5/1).>> Treatment of diastereoisomerically
pure syn-664 with 2,2-dimethoxypropane (DMP) in the
presence of catalytic amounts of pyridinium p-toluenesulf-
onate (PPTS) gave oxazolidine derivative 666 in 43-82%
yield. Oxidation of 666 under modified Sharpless condi-
tions using sodium periodate and catalytic ruthenium chlo-
ride produced the corresponding carboxylic acid 628 in
57%, which upon hydrolysis led to N-Boc statine 629a
and N-Boc phenylstatine 629b in good yield (Scheme
168).2%3

On the other hand, the addition of allylmagnesium bro-
mide to Weinreb amide 667 readily obtained from L-phen-
ylalanine afforded the corresponding ketone, which on
reduction with NaBH, gave allylic amino alcohol 668 as
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a mixture (5:1) in 73% yield. Protection of the hydroxy
group in the diastereoisomerically pure 668 with meth-
oxymethyl chloride (MOMCI) followed by N-methylation
with sodium hydride and methyl iodide produced the
corresponding protected amino alcohol derivative 669 in
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68% yield. Oxidation of the double bond under modified
Sharpless conditions using sodium periodate and catalytic
ruthenium chloride led to protected y-amino-p-hydroxy
acid 670 in 84% yield (Scheme 169).2%4

OH
0 Me 1. M/MgBr i
~ —_—
Ph l‘\l 2. NaBH, Ph ==
CbzHN  OMe 73% NHCbz
667 668; 5:1 dr
1. MOMCI
68%l2. NaH/Mel
OoMOM OMOM
H NalO4 H
Ph COH =Ze. ph ~
84%
Me/NCbZ Me/NCbZ
670 669
Scheme 169.

The addition of allylzinc bromide to N,N-dibenzylamino
aldehydes 671a and 671b readily obtained from L-alanine
and L-valine, respectively, according to the Reetz proce-
dure,>® gave the corresponding homoallylic alcohols
672a and 672b in very high anti-diastereoselectivity (anti/
syn >97/3). The high diastereoselectivity can be explained
by allylation from the less hindered re face of the carbonyl
group following a non-chelated Felkin~Anh model.?>®
Cleavage of the double bond in diastereoisomerically pure
homoallylic alcohols 672a and 672b with ozone in CH,Cl,—
MeOH in the presence of sodium hydroxide afforded the
protected y-amino-B-hydroxy acids 673a and 673b in mod-
erate yield (Scheme 170).2%7

o OH
R | Br R : ‘
%H L/
Zn
NBn.
2 52:55% NBr,
671a-b 672a-b
03, NaOH |CH,Clp
MeOH | .78°C
OH o
R H
OH
NBn,

673a; R = Me, 42%
673b; R = i-Pr, 43%

Scheme 170.

On the other hand, the reaction of readily accessible benzyl
protected a-hydroxyacetaldehyde 674 with (S)-1-amino-2-
(1-methoxy-1-methylethyl)pyrrolidine (SADP) 675, fol-
lowed by treatment with LDA and subsequent addition
of allyl iodide, gave alkylated hydrazone 676 in 81% yield
and >98% de. The addition of i-BuMgBr to hydrazone
676 and subsequent trapping of the metalated hydrazide
with acetyl chloride produced N-acetyl protected hydrazine
677 in 86% yield and >84% de. Cleavage of the N—N bond
and simultaneous removal of the benzyl protecting group
with sodium/ammonia led to alcohol derivative 678 with

>96% ee, which by oxidative cleavage of the double bond
with ozone in alkaline methanol-dichloromethane provided
methyl ester 679 in 71% yield. Hydrolysis of 679 with HCI
afforded (R,R)-statine 23 in 95% yield (Scheme 171).238
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679;> 95% ee (R,R)-Statine 23

Scheme 171.

Cu(I)-catalyzed ring opening of diastereoisomerically pure
epoxide 681 obtained in seven steps from (S)-glyceralde-
hyde acetonide 680 with PhMgBr afforded alcohol 682 in
98% yield, which by treatment with diphenylphosphoryl
azide under Mitsunobu reaction conditions gave the corre-
sponding azide 683 in 65% yield. Reduction of the azide
function in 683 with PhsP followed by treatment with
(Boc),O led to the N-Boc derivative 684 in 81% yield,
which by N-methylation and subsequent oxidation of dou-
ble bond under modified Sharpless conditions using NalO4
and catalytic RuCl; produced protected y-amino-B-hydr-
oxy acid 685 in 45% yield, which is a key segment of hapal-
osin (Scheme 172).2°

The reduction of N-phthaloyl a-amino ketone 686 obtained
in three steps from L-leucine with LiAIH(O¢-Bu); afforded
syn-amino alcohol 687 in 70% yield and >90% de which by
treatment with acetic anhydride in the presence of Et;N
and catalytic amount of 4-dimethylaminopyridine
(DMAP) in dichloromethane gave the acetylated product
688 in 60% yield. Oxidation under modified Sharpless con-
ditions using NalO,4 and catalytic amount of RuCl; fol-
lowed by esterification with diazomethane gave the
diprotected statine 689 in 45% yield (Scheme 173).26°

On the other hand, the reaction of epoxyketone 690 obtained
from ethyl glycidate,?®! with triacetoxyborohydride in the
presence of methylamine gave aminoepoxide 691 in 70%
yield as the single diastereoisomer, which by treatment with
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(Boc),O followed by addition of divinylmagnesiumcuprate
afforded allylic amino alcohol derivative 692 in 66% yield.
Protection of the hydroxy group in 692 with tert-butyl-
dimethylsilyl chloride (TBSCIl) or methoxymethyl chloride
(MOMC) produced 693a and 693b in 78% and 80% yield,
respectively. Cleavage of the double bond in 693a-b with
NalOy4 and a catalytic amount of RuCl;y led to protected
v-amino-B-hydroxy acids 607 and 694 in good vyield
(Scheme 174).262

Stereoselective aldol additions are amongst the most useful
synthetic transformations in organic synthesis. The devel-
opment of highly diastereo- and enantioselective variants
has been amply documented in numerous recent reviews.?%
A highly stereoselective synthesis of y-amino-B-hydroxy
acids can be achieved by using an aldol reaction of chiral
protected a-amino aldehydes with non-chiral ester eno-
lates. For example, the aldol reaction of N-Boc-L-leucinal
301c with the lithium enolate of ethyl acetate afforded a
mixture of aldol products anti-695 and syn-696. Hydrolysis
of the major product anti-695 gave N-Boc epistatine 630a
(Scheme 175).264

Aldol condensation of a-amino aldehyde 697a derived
from L-isoleucine, with the lithium enolate derived from
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tert-butyl acetate afforded a mixture of aldol products
syn-698a and anti-699a in 45% and 35% yield, respectively.
Identical results were obtained when aldehyde 697b was
treated with the lithium enolate derived from ethyl acetate.
Treatment of the aldol products 698a and 699a, after sep-
aration, with trimethyloxonium tetrafluoroborate and sub-
sequent catalytic hydrogenolysis and hydrolysis gave the y-
amino-B-hydroxy acid zerz-butyl esters derivatives 700 and
701 in good yield, which were useful key components in the
synthesis of Dolastatin 322 (Scheme 176).2%¢

In a similar way, the addition of lithium E-enolate 702 to
N-Boc-leucinal 301¢ gave the pair of 2,3-anti aldol products
703 and 704 via the Zimmerman-Traxler transition
state.?’” Saponification of the diastereoisomerically pure



56 M. Ordoriez, C. Cativiela | Tetrahedron: Asymmetry 18 (2007) 3-99

;o

H

v NP

697a; P = Cbz

697b: P = Boc

lROAC, LDA

;. OH : OH
\/E\‘/k/cozﬂ . V*YE\/COZR
v NP v NP

698a; R = t-Bu, 45%
698b; R = Et, 62%

2. H,, Pd/C, HC; (65%)

lt Me3OBF, ;(87%)

OMe
S CO,t-Bu

+ -
v~ NHeCl

700, from 698a

699a; R = t-Bu, 35%
699b; R = Et, 38%

1. MesOBF, ;(71%)
2. Hy, Pd/C, HCI; (93%)

: OMe
S CO,t-Bu
+ -
e NHzCl
701, from 699a

Scheme 176.

703 and 704 produced the protected y-amino-B-hydroxy
acids 705 and 706 in 71% and 74% yield, respectively
(Scheme 177).267
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lZN NaOH lZN NaOH

705; 71%

706; 74%

Scheme 177.

Ricci et al.2%® have reported the stereoselective two-carbon
elongation of carbon skeleton of aminoacylsilanes 707a
and 707b by introducing an acetate moiety. In this context,
the aldol reaction of 707a and 707b with O-ethyl-O-tert-
butyldimethylsilyl ketene acetal in the presence of BFj3:
Et,O gave products 708a and 708b in good yield and high
diastereoselectivity in favor of the syn product, which by
treatment with tetra-n-butylammonium fluoride (TBAF)

led to the protected y-amino-B-hydroxy acids 645 and
709 in 63% and 65%, respectively (Scheme 178).

o QTBS HQ, SiMeoPh
R OEt R X CO,Et
SiMe,Ph >
BF3.Et,0
NHBoc NHBoc
61-67%
707a; R=Bn 708a; syn:anti = 95:5
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63-65%lTBAF/THF

OH o
R
OEt

NHBoc

645; R =Bn
709; R = (S)-CH(Me)Et

Scheme 178.

The highly preferred syn selectivity has been accounted by
a preferential attack on the less hindered si face on the
starting acylsilanes, in which the BF3-Et,O predominantly
coordinates to the carbonyl group (Fig. 7).

BFs
O R

BocHN*q’_i\\Nu:-
H

/S.\
Me™ | Me
Ph

Figure 7.

On the other hand, Pedrosa et al.>®° have reported the ste-
reoselective synthesis of y-amino-B-hydroxy acids via a
Reformatsky reaction. In this context, the reaction of
N,N-dibenzylamino aldehydes 671 with tert-butoxycarbon-
ylmethylzinc bromide led to the y-dibenzylamino-B-hydr-
oxy esters syn-710 and anti-711 in good chemical yield and
moderated diastereoselectivity, with a predominance of
the syn-diastereoisomers.?’® Hydrolysis of diastereoisomer-
ically pure syn-710 with trifluoroacetic acid (TFA) followed
by hydrogenolysis gave statine 23 and the corresponding
v-amino-B-hydroxy acids 712 and 713 in good yield. In a
similar way, diastereoisomerically pure anti-711 was trans-
formed into epistatine 622 and its analogues 714 and 715
(Scheme 179).

In the aldol reaction, high stereoselectivities can be
achieved using chiral auxiliaries and chiral catalysts. When
these methods are used in conjunction with a chiral sub-
strate, these reactions are known as double diastereodiffer-
entiating aldol additions, which have already been studied
in detail.?’”! The reactions of carbonyl compounds bearing
stereogenic centers with chiral auxiliaries are also double
diastereodifferentiation strategies, but a careful analysis
of the matching-mismatching interaction between the two
modes of stereoinduction is required for the installation
of new stereogenic centers, which is predictable and con-
trolled. For example, the addition of boron enolate gener-
ated from acylated oxazolidinone 716 to acrolein afforded
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the corresponding aldol product 717 in 79% yield, which by
hydrolysis followed by Curtius rearrangement using diphe-
nylphosphoryl azide and subsequent intramolecular trap-
ping of isocyanate gave oxazolidinone 718 in 68% yield.
N-Boc protection followed by hydrolysis with cesium car-
bonate in methanol provided the N-protected amino alco-
hol 719 in 91% yield, which by protection of hydroxy group
with chloromethylmethyl ether (MOMCI) and subsequent
N-methylation gave 720 in 61% yield. Hydroboration of
720 with 9-borabicyclo[3.3.1]nonane (9-BBN) followed by
oxidation led to the protected y-amino-B-hydroxy acid
694 in 60% yield (Scheme 180).272
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Scheme 180.

Ohno et al.>”® have reported the stereoselective synthesis of
v-amino-B-hydroxy acid methyl ester 722, an important
component of Bleomycin?’* by a double diastereodifferen-

tiating aldol reaction. In this context, the reaction of the
corresponding boron enolate of chiral N-acyloxazolidinone
491 with (R)-2-[(tert-butoxycarbonyl)amino Jpropanal 301a
afforded aldol adduct 721 as only one diastereoisomer,
which by treatment with methylmagnesium iodide in meth-
anol gave methyl ester 722 in 82% yield (Scheme 181).
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Scheme 181.

On the other hand, the matched pair reaction of diethyl-
alummum enolate derived from the iron acetyl complex
(S)-[n’°-CsHs]Fe(CO)(PPh;)COMe 723 with (S)-N,N-di-
benzyl leucinal 671c¢ afforded the alcohol derivative 724 in
good diastereoselectivity. Treatment of alcohol 724 with
bromine produced ester 725, which on saponification and
subsequent hydrogenolysis provided (3R,4S)-epistaine 622
(Scheme 182).27°
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Scheme 182.

Recently Palomo et al.?’¢ have described that the addition
of the lithium enolate derived from 176 with the chiral ami-
no aldehyde 697 gave the corresponding aldol derivative
726 as a single diastereoisomer in 78% yield, which by
cleavage of the Cbz protective group followed by reaction
with acyl chloride 727 afforded dipeptide 728 in 78% yield.
Deprotection of the tertiary hydroxy group in 728 with
TBAF, followed by further selective protection of the sec-
ondary carbinol as tert-butyldimethylsilyl (TBS) ether,
and oxidative cleavage using cerium ammonium nitrate
(CAN) produced dipeptide 729, a key component of
Halaposin.?® In a similar way, using the amino aldehyde
derived from vr-isoleucine gave tripeptide 730, which is a
key component of Dolastatin?’ (Scheme 183).
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On the other hand, Gennari et al.>’” have reported a highly
efficient total synthesis of statine 23 by means of an aldol
addition of chiral boron enolates to N,N-dibenzyl aldehyde
671c. In this context, the addition of chiral boro enolate of
tert-butylthioacetate 731 derived from (+)-menthone, to
amino aldehyde 671c¢ gave the corresponding aldol product
syn-732 in 71% yield and high diastereoselectivity. Saponi-
fication of syn-732, followed by esterification with dia-
zomethane and  subsequent debenzylation using
HCO,NHy, in the presence of Pd/C afforded y-lactam 733
in 85% yield. Finally, acidic hydrolysis with concentrated
hydrochloric acid led to statine 23 in 71% yield (Scheme
184).
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Scheme 184.

The highly preferred syn-selectivity in the addition of bor-
on enolate to amino aldehyde 671c is in accord with the
anti-Felkin—Anh aldol addition ‘mismatched’ (Fig. 8).
Amino alcohol anti-734 can be obtained changing the chi-
ral boron ligand configuration.

St-Bu L
| . NBn,
—~~—B~ :
H 9 L . = St-Bu
“\/_ RO+ :
R OH O
H NBn, syn-732
aldehyde si face attack; anti-Felkin
NBny
. = St-Bu
OH O
aldehyde re face attack; Felkin anti-734

Figure 8.

Baylis—Hillman reaction?’® of (S)-N-Fmoc-leucinal 735
with 1,1,1,3,3,3-hexafluoroisopropyl acrylate 736 in the
presence of cinchone 737 as a catalyst in DMF at —55 °C,
followed by methanolysis, gave the corresponding o-meth-
ylene-statine methyl ester (35,4S5)-738 in 70% yield and
99% ee and (3R,4S)-739 in 2% yield and 99% ee (Scheme
185). Methyl ester (3R,4R)-738 has been obtained in a sim-
ilar way starting from (R)-N-Fmoc-leucinal 735.27°
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Scheme 185.

On the other hand, the aldol reaction of N,N-dibenzyl-
amino aldehydes 671 with acetone in the presence of L-pro-
line as a catalyst produced amino alcohols 740 in 38-90%
yield and good diastereoselectivity, which can be used in
the synthesis of epistatine 622 and analogues (Scheme
186).280

One of the simplest conceptual approaches to the stereo-
selective synthesis of y-amino-B-hydroxy acids (statine fam-
ily) is the reduction of y-amino-B-ketoesters of type 741
or its enantiomers, which are readily available from o-ami-
no acids (Scheme 187). In this context, a number of differ-
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Scheme 187.

ent protecting groups (P =H and P’ = Boc, Cbz, Fmoc
and TFA or P = P’ = Bn) and reducing agents (NaBH,,%!
LiBH4,2%? Zn(BH,),, NaBH;CN,?®3 KBH,,*®* and K-
Selectride) have been used.

For example, stereoselective reduction of (R)-N-Cbz-y-
amino-f-keto methyl esters 741a—c readily obtained from
the corresponding pD-amino acids with potassium boro-
hydride (KBH4) in methanol gave a diastereoisomeric
mixture of N-Cbz-y-amino-B-hydroxy methyl esters
anti-742a—c and syn-743a—c in good yield and excellent dia-
stereoselectivity with a predominance of anti-742a—c,
which can be converted into the corresponding y-amino-
B-hydroxy acids (Scheme 188).28°
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Scheme 188.

In a similar way, the stereoselective reduction of N-Boc-y-
amino-B-keto ethyl esters 744a and 744b with NaBH,4 in
ethanol gave the corresponding N-Boc-y-amino-B-hydroxy
ethyl esters anti-745a and 745b and syn-645 (R =H;
R’ =Ph) and syn-709 (R = Me; R’ = Et) in moderate yield
and good diastereoselectivity with a predominance of anti-
745a,b, which can be converted into the corresponding y-
amino-B-hydroxy acids (Scheme 189).!87:286
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Scheme 189.

Reduction of B-ketoester 747 readily obtained from TFA
protected amino acid 746 with NaBH, in ethanol afforded
the amino alcohol anti-748 in 84% yield and 94% ds, which
on cleavage of the benzyl protective group gave N-TFA-y-
amino-B-hydroxy acid 749 in 84% yield (Scheme 190).287
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Scheme 190.

A predominance of the anti-diastercoisomer has also been
observed in the reduction of N-Cbz-amino-B-keto ethyl
ester 741a derived from L-alanine with baker’s yeast, where
the N-Cbz-y-amino-B-hydroxy ethyl ester anti-742a was
obtained in 86% vyield and excellent diastereoisomeric
purity (99% de) (Scheme 191).1°8

o O OH 0
Me OFt Baker's Me = OFt
yeast
NHCbz 86% NHCbz
(S)-741a anti-742a; 99% de

Scheme 191.
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However, the reduction of (S)-N-Boc-N-methylamino-f-
keto ethyl ester 750 with NaBH, in methanol gave the N-
protected-y-amino-fB-hydroxy ethyl ester syn-698b as only
one isolable product in 65% yield (Scheme 192).263

Me O O Me OH O
Me H NaBH, Me H
OEt ™ veon > OEt
Me/NBOC 65% Me/NBoc
750 syn-698b

Scheme 192.

Identically, the reduction of (S)-N,N-dibenzylamino-B-keto
tert-butyl esters 751a—g with NaBH, in methanol gave the
v-N,N-dibenzylamino-B-hydroxy tert-butyl esters syn-
710a—g in 87-92% yield and excellent diastereoselectivity
(88-98%) (Scheme 193).288

o O OH o
R NaBH, R
OtBu  MmeoH Ot-Bu
NBn, 87-92% NBn,
751 syn-710

710a; R = i-Bu, 88% de

710b; R = Bn, 92% de

710c; R = BnCH,, 93% de

710d; R = cyclohexylmethyl, 93% de
710e; R = cyclohexyl, 98% de

710f; R = i-Pr, 96% de

710g; R = sec-Bu, 97% de

Scheme 193.

The preferential formation of y-amino-B-hydroxy esters,
anti or erythro, in the reduction of (R)-N-Cbz-y-amino--
keto methyl esters 741, (S)-N-Boc-y-amino-B-keto ethyl es-
ters 744 and (S)-N-TFA-y-amino-B-keto benzyl ester 747,
can be explained by cyclic transition state A (Fig. 9),
formed by the chelation of the boron atom between the
protected amino group and the enolized oxygen, in such
way that the hydride could then attack either intramolecu-
larly or intermolecularly at the B-position on the least hin-
dered face determined by the R group appendage.?®® The
formation of y-amino-B-hydroxy esters syn or threo in the
reduction of N-Boc-N-methylamino-B-keto ethyl ester 750
and N,N-dibenzyl-y-amino-B-keto tert-butyl esters 751

H
\B/ OH O
PHN" "0y O R
\f ) . NOR.
rR” & OR NHP
A anti or erythro
P = Boc, Cbz, TFA
R' = Me, Et, Bn
O R OH O
anN{T‘E‘ﬁ\m\H. . RNOR‘
CO.R' NBny
B syn or threo

Figure 9.

was attributed an open Felkin—-Anh transition state B
(Fig. 9).2%°

Diastereoselective reduction of tetramic acids 756 and 757
is another methodology used in the stereoselective synthesis
of statine derivatives. In this context, N-Boc tetramic acid
756 was readily obtained by the reaction of N-Boc-N-car-
boxyanhydride 752 with Meldrum’s acid, and subsequent
decarboxylation of 753. Protected N-Cbz tetramic acid
757 was obtained by a Wittig reaction of oxazolidinone
754 followed by acidic hydrolysis of 755. Reduction of
756 and 757 with NaBH, gave alcohols 758 and 759 as only
one isolable diastereoisomer. Hydrolysis of derivatives 758
led to N-Boc-y-amino-B-hydroxy acids 629 in good yield.
On the other hand, hydrogenolysis of 759 followed by N-
protection with (Boc),O and subsequent hydrolysis also
afforded the diastereoisomerically pure N-Boc-y-amino-f-
hydroxy acids 629 (Scheme 194).2%!
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_N_ O
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=

O EtO,C,
Boc” N W 2

R H
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R o lGM HCI
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N__O OH
Boc ‘ AcOEt \
-N
(0] 0] A P
o0 (0]
7< 756; P =Boc
753 757; P =Cbz
NaBH,
MeOH
OH R OH
R
\‘/kiOH 1M NaOH N
NHBoc from758 P
629a; R = jBu . °
629b; R = /-Pr 758; P = Boc
629¢. R = Bn 759; P = Cbz
100% de
1. Hy, Pd/C
from 759 | 2. (Boc),0
3. 1M NaOH
OH
R
OH
NHBoc
629a; R = /-Bu
629b; R = j-Pr
629d; R = Me
629e; R = Ph

Scheme 194.



M. Ordoriez, C. Cativiela | Tetrahedron: Asymmetry 18 (2007) 3-99 61

On the other hand, the reduction of 755 with NaBH3;CN in
the presence of TMSCI in acetonitrile gave N-Cbz-N-
methyl-y-amino-B-hydroxy ethyl esters syn-698 and anti-
699 in a ratio of 3:1 to 4:1 and excellent yield, via the keto-
ester derivative (Scheme 195).2%2

EtO,C
R H o o
// NaBHaCN R
b  TMSCIMeCN OFEt
Coz N~ vie~ NCb2
755
OH O OH O
R + R G
OEt OEt
_NCbz _NCbz
Me Me
syn-698b-d anti-699b-d

= (S)-CH(Me), 96%, 3:1 ratio
c; R =Bn; 96%, 4:1 ratio
d; R = i-Bu; 94%, 3:1 ratio

Scheme 195.

In recent years, chiral oxazaborolidines pioneered by Itsu-

n0*? and developed by Corey*** have proven to be useful
catalysts and reagents in asymmetric transformations.?*> In
this context, the reduction of chiral 4-substituted 1-trimethyl-
silyl-1-alkyn-3-ones 761a and 761b readily obtained from
the addition of lithium trimethylsilylacetylide to Weinreb
amides 760a and 760b with BH3;-DMS complex in the
presence of (R)-oxazaborolidine 762 afforded the corre-
sponding alcohols syn-763 in 60% yield and high diastereo-
selectivity. On the other hand, the reduction of alkyn-3-
ones 761a,b with (S)-oxazaborolidine 762 gave alcohols
anti-764 in high diastercoselectivity, which is based on a
double diastereodifferentiation. Hydroboration of syn-
763a and 763b with dicyclohexylborane followed by oxida-
tive workup in a basic medium afforded the N-Boc-y-ami-
no-PB-hydroxy acids syn-629a and 629b. In a similar way,
compounds anti-764a and 764b were transformed into N-
Boc-wz(;:gmino-ﬁ-hydroxy acids anti-630a and 630b (Scheme
196).

The addition of a Grignard reagent to N-(a-methylbenz-
yl)imine 766 readily obtained from the reaction of 2-O-
benzylglyceraldehyde 765 and (S)-o-methylbenzylamine
afforded the corresponding amino alcohol 767 with excel-
lent yield and diastereoselectivity. Treatment of amino
alcohol 767 with thionyl chloride and subsequent oxidation
of intermediate amidosulfite with NalQOy in the presence of
a catalytic amount of RuCl; afforded amidosulfate 768 in
72% yield. The addition of sodium cyanide to 768 followed
by methanolysis produced ester 769, which by cleavage of
methylbenzyl protective group and subsequent treatment
with (Boc),O led to N-Boc-y-amino-B-hydroxy methyl
ester 770 (Scheme 197).2%7

Kim et al.>*® have described an efficient synthesis of enan-
tiomerically pure statine 23 by sterecoselective intramolecu-
lar addition of the hydroxy group tethered to the amino
group of configurationally stable (E)-y-amino-a,B-unsatu-

BocHN Me

R/ﬁf “~OMe

760a b

50.74%lMeasi =—ILi

NHBoc gie,
i~
R
O
761a-b
Ph Ph  Ph
Ph__a Ph ‘ 4 Ph
HN_ O HN, O
B 60% 52-76% l\a BH,.DMS
BH3.DMS l\‘/le Me
(R)-762 (S)-762
l;lHBoc SiMe, NHBoc SiMes
H =7 H F
R H R
OH OH
syn-763a-b anti-164a-b
1. (D}*BH
2
2. Hy0,/NaHCOg
3. AcOH
NHBoc NHBoc
5 OH 2 OH
RTY Y R
OH © OH ©

629a; R = i-Bu, 99%
629b; R = Bn, 62%

630a; R = /-Bu, 75%
630b; R = Bn, 64%

Scheme 196.

O OH
2 Ph/kNHz P N OH
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OBn 100% OBn
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S%llBuMgBr
N
Ry ~S<
w 1. SOCly, EtsN wH
~ 2. NalO,, RuClg
é)Bn 72%
768 767; >99:1 ds
67% lt NaCN/DMF
2. MeOH/HCI

R\NH
/L/E\/YOMe

Scheme 197.

NHBoc
, (Boc);0
0Bn O 87% OH O

769 770

rated methyl ester 772. Thus, treatment of N-Boc-L-leuci-
nal derivative 771, readily obtained in 68% overall yield
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from N-Boc-L-leucine 294¢ with a stabilized ylide afforded
the (E)-y-amino-a,B-unsaturated methyl ester 772 with the
N-hydroxymethyl group in excellent yield and selectivity.
Intramolecular conjugate addition of the hydroxy group
in 772 gave oxazolidine 773 in good yield and selectivity
trans:cis (>10:1), which by acidic hydrolysis and recrystal-
lization led to the diastereoisomerically pure statine 23
(Scheme 198).

Boc Boc
% NH N
—_—
2. NaBH,
o 68% OH
294c m

PhsP=CHCO,Me l 95%

\N —\ Boc \N ~~OH
< K2COs4 )\/E\/YOMe
trans:cis OMe M;OOZ 772 O
>10:1 o
773

o, | 1. HCI
41 Alz. recrystallization

NH,

OH ©
Statine 23

Scheme 198.

On the other hand, acetylation of (E)-y-amino-a,B-unsatu-
rated methyl ester 772 produced the acetylated product 774
in 98% yield, which by intramolecular nucleophilic epoxi-
dation with aqueous H>O, under acidic conditions led to
epoxide derivative 776 with high selectivity antiisyn
(>20:1) and 72% yield via the N-hydroperoxymethyl deriv-
ative 775. Oxidation of the hydroxymethyl group in 776
with pyridinium dichromate (PDC) followed by reaction
with Cs,CO; gave epoxide derivative 777 in 70% yield,
which by treatment with Sml, and subsequent hydrolysis
afforded N-Boc-epistatine 630a in 42% vyield (Scheme
199).2%

Stereoselective synthesis of protected cis-y-amino-B-hydro-
Xy acids 785a and b has been prepared by Moyano et al.3%°
using the Sharpless enantioselective epoxidation of allylic
alcohols 778a and b in the initial step.3°! Thus, Sharpless
enantioselective epoxidation of allylic alcohols 778a and
778b under standard methodology afforded the corre-
sponding epoxide, which by regioselective ring opening
with benzhydrylamine gave the (25,3S)-N-protected-3-ami-
no-1,2-butanodiols 779a and 779b,>°? which on hydrogen-
olysis in the presence of (Boc),O led to N-Boc-amino
diols 780a and 780b. Intramolecular Mitsunobu reaction3%?
of 780a and 780b in the presence of Ph;P/DEAD afforded
epoxides (S,S)-781a and 781b, which on reaction with ace-
tone cyanohydrin in basic medium gave the corresponding
amino cyanohydrines 782a and 782b. The reaction of 782a
and 782b with 2,2-dimethoxypropane in the presence of p-
toluenesulfonic acid (PTSA) furnished cis-N-Boc-oxazoli-

Boc\ Boc N o

)\/\/YOMG o J\/\/Y
DMAP

98%

H
72%1 202
PTSA
Boc
BoC~ N~ oH %°>N""o0H
)\/WOMe - /L;\/YOME
(0] o 0
776 775
70%l 1. PDC/CH,Cl,
2. Cs,CO4/MeOH
NHBoc NHBoc
1.8ml
2NaoH
42% oH O
630a

Scheme 199.

dines 783a and 783b, which by reduction of the cyano
group produced aldehydes 784a and 784b, which upon oxi-
dation led to the protected cis-y-amino-B-hydroxy acids
785a and 785b (Scheme 200).

OH 1 7BHP, ()-DIPT NHCHPh,
Ti(Oi-Pr)4 H
A
R 2. PBug R/\hOH
778a;R=Me 3 ppchn, OH
778b; R =Ph Ti(Oi-Pr), 779a-b
68-74% ., | He Pd(OH)C
84% (Boc),0
NHBoc NHBoc
: PPhy H
B
H
R/\<(’) DEAD R/Y\O
68-84% OH
(5,5)-781a; R=Me 780a; R = Me
(S,5)-781b; R = Ph 780b; R = Ph
L
EtsN
CN| =%
M o
® Me |77-86%
NHBoc
E BocN O
Me,C(OMe),
e, y §
Rﬁ/\CN PTSA /_L
OH 72-85% R CN
782 783
76-93% l DIBAL-H
BocN O KMnO,4 BocN O
NaH,PO,
POy
/—LCOQH 89-04% /—LCHO
785a; R = Me, >99% ee 784

785b; R = Ph, >99% ee

Scheme 200.

On the other hand, silylation of the primary alcohol in
780a—c followed by mesylation of the secondary alcohol
gave protected derivatives 786, which upon treatment with
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tetra-n-bultylammonium fluoride in the presence of sodium
methoxide gave the corresponding epoxides (S,R)-787 in
good yield. Using the same reaction sequence shown in
the Scheme 200, epoxides (S,R)-787a—c¢ were converted
into trams-y-amino-B-hydroxy acids 628c—d (Scheme

201).300
NHBoc NHBoc
i 1. TBSCI/DMF R
~ imidazole
R H
/\‘/\O 2. MsClI RA‘/\OTBS
OH EtsN/DMAP OMs
780 76-97% 786
R =Me
R = cyclohexylmethyl TBAF
cyclohexylmethy 80-81% l NaOMe
BoeN” Y0 l;lHBoc
£ - X
R CO,H (o)
S,R)-787
628c; R = Me (SA)
628d; R = cyclohexylmethyl
Scheme 201.

On the other hand, enantioselective epoxidation of allylic
alcohol 788 according to a Sharpless methodology fol-
lowed by protection with 2-methoxypropene produced
(2R,3R)-epoxide 789 in 77% yield, which upon reaction
with lithium azide in the presence of lithium perchlorate
gave azide derivative 790 in good yield and high regio-
selectivity. Mesylation of 790 followed by hydrolysis of
acetal group afforded 791, which upon treatment with
sodium hydroxide led to epoxide threo-792 in 78% yield.
On the other hand, hydrolysis of 790 followed by benz-
enesulfonylation provided benzenesulfonate 793 in 58%,
which by base-catalyzed reaction gave the epoxide ery-
thro-794. Ring opening of threo-792 with potassium cya-
nide in the presence of ammonium chloride, followed by
hydrolysis of cyanide group with sodium hydroperoxide
and subsequent reduction of azide group, afforded
(35,4S)-statine 23 in 52% yield. In a similar way, epoxide
erythro-794 was converted into (3R,4S)-epistatine 622
(Scheme 202).3%4

In a similar manner, Moyano et al.3®> have reported the
stereoselective synthesis of protected N-Boc-N-methyl-y-
amino-f-hydroxy acid (3R,45)-607, an essential compo-
nent of Hapalosin. In this context, treatment of epoxy alco-
hol 795 readily obtained by catalytic Sharpless epoxidation
with titanium diazidodiisopropoxide afforded azido-diol 796
as the only product of the regio- and stereoselective nucleo-
philic opening at C;, which on catalytic hydrogenation
in the presence of (Boc),O gave the corresponding N-Boc-
amino diol 780¢ in 77% yield. Intramolecular Mitsunobu
reaction of 780c led to epoxide (S,S)-781c in 75% yield,
which by N-methylation using Mel/NaH gave 797. Epox-
ide opening in 797 with acetone cyanohydrin produced cy-
ano derivative 798 in 52% yield, which by protection of
hydroxy group with tert-butyldimethylsilyl chloride
(TBSCI), followed by reduction of nitrile group with
DIBAL-H and subsequent oxidation produced protected
y-amino-B-hydroxy acid (3R,4S5)-607 (Scheme 203).
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Maier et al.>° have also reported the stereoselective syn-
thesis of 694 using Sharpless enantioselective dihydroxy-
lation as the key step.3*” Thus, chlorination of the allylic
alcohol 800 followed by asymmetric dihydroxylation
using  hydroquinidine  1,4-phthalazinediyl  diether
[(DHQ),PHAL] as the chiral ligand gave chlorodiol 802
in 95% yield. The reaction of chlorodiol 802 with sodium
hydroxide gave the corresponding epoxy alcohol 803 in
89% yield, which by protection of hydroxy group with
chloromethylmethyl ether (MOMCI) and subsequent addi-
tion of phenyllithium in the presence of copper cyanide led
to diprotected triol 804 in 84% yield. Mitsunobu reaction in
804 using diphenylphosphoryl azide in the presence of tri-
phenylphosphine and diethyl azodicarboxylate furnished
the azide, which by reduction with LiAIH, gave amine
805 in 76% yield. Protection of the amino group with
(Boc),0 followed by N-methylation afforded the protected
compound 806 in 84% yield. Finally, reductive cleavage of
the benzyl protective group in 806 by hydrogenolysis and
subsequent oxidation with sodium hypochlorite and
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) gave the
protected y-amino-B-hydroxy acid 694 (Scheme 204).

OBn OH NCS/DMS OBn
W 94% W
800 801

Ko0s04(0H)4
95%
(DHQ),PHAL, K5Fe(CN)g
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803 802
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Ph pPhyDEAD H Ph
OH 2. LiAH, NH,
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OBn OMOM
1. Hy, PA/C
HO 5 Ph  2.NaOCI H Ph
: TEMPO _NBoc
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694 806

OBn OMOM
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Scheme 204.

Sharpless asymmetric hydroxylation of o,B-unsaturated
ethyl ester 807 using (AD-mix-a) afforded (2R,3S)-syn-
2,3-dihydroxy ethyl ester 808 in 96% yield and 99% ee.
Mitsunobu tosylation of 808 using triphenylphosphine
(TPP), diethylazodicarboxylate (DEAD), and pyridinium
p-toluenesulfonate (PPTS) gave the corresponding anti-o-
hydroxy-B-tosylate derivative 809 with complete regioselec-
tion for the f-hydroxy group. Displacement of the B-tosyl-
ate in 809 with sodium azide led to syn-o-hydroxy-B-azido
ester 810, which upon protection of a-hydroxy group with
tert-butyldimethylsilyl chloride (TBSCI) and subsequent

saponification gave the carboxylic acid 811 in excellent
yield. Homologation of 811 via an Arndt-FEistert reaction
from 812 followed by cleavage of the TBS protective group
with HF afforded carboxylic acid 813, which by catalytic
hydrogenation of azido group gave statine 23 in 82% yield
(Scheme 205).3%8

/L/\/COZEt _AD-mix-or )\/\/COZEt
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808; 99% ee
70% l TPP/DEAD/PPTS
/LNCOZB MCOZB
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2. HF, 98%

3
Pd/C /L/\/Y
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lm MeCO,Ag, 71%

NH,
/L/é\/YO
OH ©

Statine 23 813

Scheme 205.

On the other hand, Mitsunobu azidation of 808 using TTP,
DEAD, and HNj; gave anti-a-hydroxy-p-azide derivative
814 with complete regioselection for the B-hydroxy group,
which was transformed into epistatine (3.5,4R)-622 under
the protocol described above (Scheme 206).3%8

OH N3
)\/\/COQEt TPPIDEAD_ )\)\/COZEt
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808; 99% ee 814
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Scheme 206.

Stereoselective synthesis of phenylstatine 712 has been
described by Kumar et al.>*® employing a Sharpless asym-
metric aminohydroxylation as the key step.’!’ Thus,
asymmetric aminohydroxylation of a,B-unsaturated ethyl
ester 815 using potassium osmate as the oxidant reagent
in the presence of (DHQ),PHAL as a chiral ligand and
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N-bromoacetamide (AcNHBr) as the nitrogen source affor-
ded the corresponding N-acetyl derivative 816 in a 10:1 reg-
ioisomeric ratio and 64% yield with 89% ee. Cleavage of the
N-acetyl group in 816 with HCI in methanol gave amino
alcohol 817 in 79% yield, which by N- and O-benzylation
produced ester 818 in 91% yield. Saponification of 818
led to the corresponding carboxylic acid 819, which by
treatment with ethyl chloroformate followed by reaction
with diazomethane furnished the diazo compound 820 in
50% yield. A Wolff rearrangement of 820 followed by
cleavage of the benzyl protective group afforded y-lactam
821, which by hydrolysis with concentrated HCI provided
phenylstatine 712 (Scheme 207).
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i v

OH
712 821

lm Ag,0, 60%

Scheme 207.

On the other hand, the reaction of commercially available
homochiral dihydroxyamine 822 via a four-step sequence
involving (1) N-tosylation, (2) selective silylation, (3) aziri-
dine-ring formation by triphenylphosphine (TPP) and
diethylazodicarboxylate (DEAD), and (4) cleavage of the
silyl protecting group afforded aziridine 823 in 49%
yield,?!! which upon reaction with KH and Me;SiCN in
the presence of Yb(CN); and n-BuyNF gave cyano deriva-
tive 824 in 85% yield. Treatment of nitrile 824 with alkaline
hydrogen peroxide followed by basic hydrolysis and subse-
quent reaction with diazomethane led to diprotected y-ami-
no-PB-hydroxy acid 825 in 43% yield (Scheme 208).3!2

Methylation of (S)-3-acetoxy-2,5-pyrrolidinedione 826
readily obtained from L-malic acid,!® with Mel in the pres-
ence of K,COj; afforded 827 in 86% yield, which upon deac-
ylation under acidic conditions using AcCIl/EtOH,
followed by O-benzylation with benzyl bromide in the pres-
ence of Ag,0, provided O-benzyl derivative 828 in 77%
yield. The addition of a Grignard reagent followed by a
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825 43% 824

Scheme 208.

reductive process with Et;SiH gave y-lactam 829 in high re-
gio- and trans-stereoselectivity, which by O-debenzylation
with H, in the presence of Pd/C produced B-hydroxy lac-
tam 830 in excellent yield, which by acidic hydrolysis affor-
ded the unnatural y-amino-B-hydroxy acid (3S,4R)-831
(Scheme 209).314:315
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Scheme 209.

In a similar way, reductive alkylation of malimide 8323!°

gave anti-y-lactams 833a and 833b in good yield and as
only one diastercoisomer. Oxidative N-deprotection of
833a and 833b using ceric ammonium nitrate (CAN), fol-
lowed by treatment with (Boc),O produced N-Boc-y-lac-
tams 834a and 834b, which by catalytic hydrogenolysis
using H, in the presence of Pd/C for 834a (R = Me),
or with HCO,H in the presence of Pd/C for 834b
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(R = cyclohexylmethyl) gave pB-hydroxy-y-lactams 835a
and 835b in excellent yield. Finally, ring opening of y-
lactams 835a and 835b with potassium cyanide promoted
by ethanolysis provided y-amino-B-hydroxy ethyl esters
836a and 836b (Scheme 210).3!7

HO BnO
>—\ Ref. 316 /)\1
—_—
HO,C CO,H o) N~ O
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HCO,H, Pd/C
HO OH 0
o EOF H OEt
RON NH,
Boc 836a; R = Me
835a-b 836b; R = cyclohexylmethyl

Scheme 210.

On the other hand, cleavage of the protective benzyl group
in 838 obtained from tartrate diisopropyl ester 837,3'® fol-
lowed by O-tosylation, gave tosylate derivative 839 in good
yield, which by treatment with sodium hydride afforded N-
Boc-aziridine 840 in 85% yield. Ring opening of aziridine
840 with an isopropyl Grignard reagent in the presence
of CuBr as a catalyst led to N-Boc derivative 841. Desilyla-
tion of 841 with HF followed by tosylation produced tosyl-
ate 842, which by treatment with Cs,CO; furnished
epoxide 626a. Ring opening of epoxide 626a using vinyl
Grignard reagent in the presence of CuBr gave amino alco-
hol 663 in 86% yield, which upon ozonolysis in the presence
of MeOH/NaOH afforded statine methyl ester 770 in 79%
yield (Scheme 211).31°

Carbohydrates as the starting material have also been used
in the stereoselective synthesis of statine and its analogues.
For example, Masaki et al.>?° have reported the prepara-
tion of 848a and 848b from inexpensive and readily avail-
able D-glucosamine, which can be transformed into
statine 23 and benzylstatine 712. In this context, the addi-
tion of phenylmagnesium bromide to hemiacetal 843 ob-
tained in seven steps from p-glucosamine, followed by
acetylation with acetic anhydride produced the acetylated
product 844. Hydroboration—oxidation of 844 afforded
alcohol 845 in 76% yield, which on catalytic hydrogenolysis
of the acetoxy group regioselectively gave primary alcohol
848b. On the other hand, Wittig reaction of hemiacetal 843
gave diene derivative 846 in 86% yield, which by hydrobo-
ration—oxidation produced alcohol 847 in 77% yield, that
by catalytic hydrogenation of the double bond furnished
848a. Finally, oxidation and hydrolysis’>! of 848a

OH O NHBoc
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Scheme 211.

and 848b afforded statine 23 and phenylstatine 712
(Scheme 212).

4. Asymmetric synthesis of cyclic y-amino acids

4.1. Synthesis of C7 ; derivatives

Conformationally restricted cyclic GABA analogues with
methylenes incorporated into homocyclic systems contain-
ing a three-, four-, five-, and six-membered saturated and
unsaturated rings, have been studied extensively. For
example, (1S,2R)-2-(aminomethyl)cyclopropanecarboxylic
acid CAMP 9 is a potent and full agonist at human
pl and p2 GABAc receptors, whereas (1R,25)-2-
(aminomethyl)cyclopropanecarboxylic acid CAMP 9 is a
weak antagonist at human pl and p2 GABAc receptors
subtypes, and moderately potent antagonist at rat
p3.33322 The significance of these molecules is also evident
given that the number of research publications dedicated to
their synthesis has been increasing. In this context, Ley
et al.3?3 reported the synthesis of (1R,2S5)-CAMP 9 from
meso-diester 849, via resolution. Thus, desymmetrization
of commercially available meso-diester 849 with polymer-
supported pig liver esterase (PLE) afforded mono-carbox-
ylic acid 850 in 98% yield and >95% ee after recrystalliza-
tion. Reduction of the carboxylic acid function in 850
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with a BH3'DMS complex in THF gave a mixture of the
corresponding alcohol 851 and y-lactone 852, which upon
treatment with thionyl bromide and subsequent addition
of poly(4-vinylpyridine) produced bromoester 853 in 85%
yield. Conversion of bromide 853 into azide 854 followed
by catalytic hydrogenation in the presence of (Boc),O gave
N-Boc-y-amino ester 855 in 84% yield, which upon hydro-
lysis gave (1R,2S5)-CAMP 9 (Scheme 213).

On the other hand, desymmetrisation of meso-diesters
856a—c with polymer-supported pig liver esterase (PLE)
furnished mono-carboxylic acids 857a—c in good yield,
which were transformed into the y-amino acids (1S,2R)-
13 (n=1), (1S,2R)-859 (n=2), and (1S,2R)-860 (n=3)
under an identical reaction sequence described above via
the lactones 858a—c, respectively (Scheme 214).323324

Carbodiimide coupling of cis-amino acid derivative 861
with (R)-pantolactone 39 gave diastereoisomeric esters
862 and 863 in 12% and 11% yield, respectively, after
separation by flash chromatography. Acidic hydrolysis of
diastereoisomerically pure 862 and 863 produced the
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Scheme 214.

enantiomerically pure (1S,2R)-CAMP 9 and (1R,2S)-
CAMP 9, respectively (Scheme 215).3%

In a similar way, (1R,2R)- and (1S,25)-TAMP 867 were
obtained by resolution of racemic trans-amino acid deriva-
tive 864 with (R)-pantolactone 39 (Scheme 216).3%°

Recently, Wipf et al.3?® have described the preparation of
cyclopropane y-amino esters (S5,S,5)-873 and (R,R,R)-873
by multi-component condensation reaction and resolution.
Initially, the addition of Cp,ZrHCI to TBDPS-protected pro-
pargyl alcohol 868, followed by sequential transmetalation
with dimethylzinc, addition to N-diphenylphosphinylimine
and treatment with bis(iodomethyl)zinc-DME complex,
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gave the corresponding amide rac-869 in 67% yield and
high diastereoisomeric ratio (>19:1). Cleavage of the
TBDPS protective group with tetra-n-butylammonium
fluoride (TBAF) and oxidation of the resulting alcohol
afforded the carboxylic acid derivative, which by treatment
of HCI in methanol produced the methyl ester hydrochlo-
ride salt rac-870. Resolution of rac-870 with L-tartaric acid
gave diastereoisomeric salt 871. p-Tartaric acid was neces-
sary for the salt formation of 872. Treatment of diastereo-
isomeric pure 871 and 872 with aqueous solution of K,CO3
followed by N-protection with CbzCl led to N-Cbz-y-
amino esters (S.5,5)-873 and (R,R,R)-873, respectively,
which are precursors for the preparation of APhg 10
(Scheme 217).

In a similar manner, the y-amino acid methyl esters salts
875 and 876 were obtained by resolution of rac-874 with
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D-tartaric acid. Derivatives 875 and 876 are precursors in
the preparation of “MeAPhg 11 (Scheme 218).3%7

NH,

/kbi(OMe
Ph
(e}

rac-874

HO,C™ Y~

Ph

Scheme 218.

Orena et al.’?® have described the stereoselective synthesis
of diastereoisomerically pure (1R,25)-CAMP 9 using pyrr-
olidin-2-one 877 as the starting material.>*° In this context,
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decarboxylation of 877 under Krapcho conditions followed
by ozonolysis produced aldehyde 878 in 61% yield, which
on reduction with NaBH,4 and subsequent mesylation gave
mesylate 879 in 77% yield. Treatment of mesylate 879 with
LHMDS exclusively afforded bicyclic compound 880 in
90% yield. Reductive cleavage of the methylbenzyl group
in 880 with Li-NH; gave 881 in 65% yield, which upon
hydr(;l%)/sis led to (1R,25)-CAMP 9 in 76% yield (Scheme
219).%-

0]
MeO — CHO
\ 1. NaCl, DMF-H,0 [>
—_— >
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Scheme 219.

On the other hand, Taguchi et al.>3! have reported the
synthesis of enantiomerically pure CAMP and TAMP by
Simmons—Smith reaction from allylic alcohol 882, obtained
from 2,3-O-isopropylidene-pD-glyceraldehyde. Thus, the
reaction of cis-882 with Et,Zn and CH,I, gave cyclopro-
pane cis-883 in 94% yield and 68% de. Acidic hydrolysis
of cis-883, followed by separation, oxidation and reduc-
tion, produced the alcohol (1R,2S5)-884 as a major isomer,
which was converted into azide 885 via the mesylate.
Reduction of the azide functionality in 885 with tin(II)
chloride followed by protection of the amine group with
(Boc),0 led to compound 886. Cleavage of the benzyl pro-
tective group in 886 with H, in the presence of Pd/C and
subsequent oxidation produced y-lactam 887, which by
acidic hydrolysis afforded (1S,2R)-CAMP 9 as hydrochlo-
ride salt. In a similar way, (15,2R)-884 was converted into
(1R,2S5)-CAMP 9 as hydrochloride salt (Scheme 220).

On the other hand, the reaction of trans-888 with Et,Zn
and CH,I, gave cyclopropane derivative trans-889 in 90%
yield and excellent diastereoselectivity (100% de), which
was converted into (1R,2R)-TAMP hydrochloride salt
867 gﬁder identical conditions described above (Scheme
221).-
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890 derived from p-tartaric acid afforded (1S,2S)-cyclopro-
pyl alcohol 891 in 97% yield and 89% ee. Mesylation of 891
followed by treatment with sodium azide produced the cor-
responding azide derivative 892 in 92% yield, which upon
reduction of the azide group and subsequent Boc protec-
tion of the resulting amine led to 893 in 82% yield. Oxida-
tive cleavage of the phenyl ring with NalOy in the presence
of RuCl; gave carboxylic acid 894 in 80% yield, which on
treatment with HCI provided (1S5,2S5)-TAMP 867 in 86%
yield and 96% ee (Scheme 222).332
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Shuto et al.**3 have reported the synthesis of conforma-
tionally restricted analogues of baclofen 3, by the introduc-
tion of a cyclopropane ring. In this context, the reaction of
(R)-epichlorohydrin with the sodium carbanion generated
from (p-chlorophenyl)acetonitrile 895 and, NaNH,, fol-
lowed by treatment with KOH and HCI afforded
(1S,2R)-lactone 896 in 68% yield and 93% ee. Ammonoly-
sis of 896 with NH3/MeOH produced amide 898 in 82%
yield, which by reduction with the BH3-THF complex fol-
lowed by protection of amino group with (Boc),O gave
the alcohol derivative 899. Oxidation of 899 with PDC
led directly to y-lactam 900 in 55% yield, which by treat-
ment under acidic conditions gave conformationally re-
stricted analogue of baclofen 901 in 63% yield (Scheme
223).334

Under a similar reaction sequence, 897 was converted into
trans-N-Boc-y-amino acid 904 (Scheme 224).333

On the other hand, treatment of amide 905 with NaH affor-
ded pyrrolidin-2-ones 906 and 907 in 80% yield and 80:20
ratio. Decarboxylation of diastereoisomerically pure 906
using NaCl in the presence of wet DMF gave y-lactam
908 in 80% yield, which on reduction with LiBH, followed
by mesylation and subsequent treatment with Nal afforded
the iodo derivative 909 in good yield. Addition of LHMDS
to 909 produced 3-aza-2-o0x0[3.2.0]bicycloheptane 910 in
83% yield. Finally, reductive cleavage of methylbenzyl
group with Li-NHj3 followed by acidic hydrolysis led to
(1R,2S)-y-amino acid 13 as a hydrochloride salt in 78%
yield (Scheme 225).33%

On the other hand, treatment of amide 905 with NaOEt
gave y-lactams 906 and 907 in a 30:70 ratio. Following
the same reaction sequence, diastercoisomerically pure
907 was converted into (1S,2R)-y-amino acid 13 as hydro-
chloride salt (Scheme 226).33

o Cl
(¢]]
PO+ \GVCN

(R)-epichlorohydrin

895
1. NaNH,
68% | 2. KOH

3. HCI

\© b \QA —OH
(1S,2R)-896; (maJor 897; (mlnor

BZ%lNHS/MeOH

\© 1. BHgTHE \© """" ’
OH 2. (Boc 2,0

BocHN OH
68%
899
Ss%lPDC
Cl
<TFA \©/
HCIH.N ~Zho
63% N~ O
oc
900
Scheme 223.

Cl Cl
\© 1. Ac,O/Py \©
uf \ewTOH 5 cicoipr S, w—OH
—_—
HO H 3. NH, H,N H

o) 4.K,CO5 o)
897 902

1. BHa-THF, 69%
2. (Boc)20, 75%

Ww—OH

] Cl
<A\¥OH 1. PDC \©
- ,
BocHN

2. NaClO,
BocHN
NaH,PO4 oc

100%

Scheme 224.

4.2. Synthesis of C7 derivatives

Synthesis of enantiomerically pure N-Boc-3-aminocyclo-
butanecarboxylic acid 915 obtained from (S)-verbenone
has been reported by Burgess et al.33¢ Initially, oxidative
cleavage of (S)-verbenone, readily available from o-
pinene,*3” with NalOy, in the presence of catalytic amounts
of RuCl; produced keto-acid 911 in 94% yield, which on
treatment with benzyl chloride afforded ester 912 in 72%
yield. Haloform reaction of methyl ketone in 912 using so-
dium hypobromite gave the corresponding carboxylic acid
913 in 83% yield. Curtius rearrangement of 913 using
diphenylphosphoryl azide in the presence of tert-butanol
produced N-Boc-protected amine 914 in 58% yield, which
on hydrogenolysis led to N-Boc-y-amino acid 915 in 79%
yield (Scheme 227).
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In a similar way, Curtius rearrangement of 911 using
diphenylphosphoryl azide in the presence of tert-butanol
produced N-Boc-protected amine 916 in 79% yield, which
by haloform reaction afforded ent-915 in 83% yield
(Scheme 228).33¢

On the other hand, Schmidt rearrangement®3® of ketoester
derivative 917 obtained from commercially available (.S)-
verbenone®® using NaN3/MeSO;H produced acetylated
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amine derivative 918 in 75% yield, which by acidic hydro-
lysis led to (15,3 R)-3-amino-2,2-dimethylcyclobutanecarb-
oxylic acid 919 in 83% yield (Scheme 229).3%°

(15,3R)-919 918

Scheme 229.

More recently, Ldpez et al.>** have described the stereose-
lective synthesis of (1R,3S5)-919 from commercially avail-
able o-pinene. In this context, oxidation of a-pinene
produced keto-acid derivative 920,>° which by treatment
with hydroxylamine-O-sulfonic acid followed by a
Beckmann rearrangement and subsequent esterification
gave N-acetyl amino derivative 921.3*! Addition of phenyl-
lithium to ester 921 provided alcohol 922 in 89% vyield,
which by dehydration afforded the unsaturated product
923 in 98% yield. Oxidative cleavage of the double bond
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in 923 with NalQy, in the presence of catalytic amounts of
RuCl; produced carboxylic acid 924 in 44% yield, which
upon acidic hydrolysis gave the (1R,3S)-3-amino-2,2-di-

methylcyclobutanecarboxylic acid 919 in 74% yield
(Scheme 230).
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Conformationally restricted cis- and trans-aminocyclopen-
tanecarboxylic acids (y-Acp) 14 and 15 analogues of y-ami-
nobutyric acid GABA 1 have given considerable
information about active conformations of GABA at
receptors and uptake sites in the nervous system.3*> Addi-
tionally, these compounds have been used in the construc-
tion of y-peptides, which have shown the formation of
parallel sheet secondary structure, in contrast to helical
propensity previously documented for acyclic y-amino acid
residues.!*® Furthermore, cyclic a,y-peptides (a,y-CPs) con-
taining (y-Acp) units can form stable cylindrical dimers,
which can be used for the design of nanotubes with novel
structural and internal cavity properties.'4®

Cheénevert et al.3 have described the preparation of enan-
tiomerically pure (15,3R)- and (1R,3S)-CACP 14 by enzy-
matic desymmetrization. Thus, ozonolysis of norbornene
followed by esterification afforded diester 925 in 93% yield.
Cholesterol esterase (CE) or subtilisin Carlsberg (SC) cata-
lyzed hydrolysis of diester 925 producing (1R,3.S)-monoes-
ter derivative 926 in 95% yield and 90% ee. Ammonolysis
of 926 produced amide 927 in 82% yield,*** which under
Hoffmann rearrangement conditions using bis(trifluoro-
acetoxy)iodobenzene gave (1S,3R)-CACP 14 in 92% yield.
On the other hand, treatment of 926 with ethyl chlorofor-
mate and sodium azide produced through a Curtius rear-
rangement isocyanate 928 in 74% yield, which on acidic
hydrolysis afforded (1R,3S)-CACP 14 in 74% yield
(Scheme 231).
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Scheme 231.

Biocatalytic resolution of 2-azabicyclo[2.2.1]hept-5-en-3-
one rac-929 readily obtained from the cycloaddition reac-
tion of cylopentadiene and tosyl** or mesyl cyanide, using
Pseudomonas fluorescens (referred to as ENZA22) pro-
duced amide (1R,45)-9293%¢ and (1R,4S)-ACPECA 17 in
93% ee. On the other hand, treatment of rac-929 with
Aureobacterium  species (ENZA25) afforded amide
(1S,4R)-929 and (1S,4R)-ACPECA 17 in 91% ee (Scheme
232).347 (1R,4S)-ACPECA 17 and (1S5,4R)-ACPECA 17
are considered as analogues of vigabatrin 2.34%

Ay oo

(1R,45)-ACPECA 17
93% ee

ENZA22

/ N/H (1R49)- 929

(0] \
rac-929  yza0s A\Kfo 0 NH
N+ HOJ\@’ 2
\
H

(15,4R)-ACPECA 17

(154R)-929 91% ee

Scheme 232.

Enzymatic hydrolysis of methyl ester rac-930 obtained
from rac-929, using porcine liver esterase (PLE) gave
(1R,45)-930a in >99% ee and (1S,4R)-931 in 49.7% ee.
On the other hand, enzymatic hydrolysis of n-butyl and
n-hexyl esters rac-930b,c with lipase C. cylindracea (CCL)
led to esters (1S5,4R)-930b,c and carboxylic acids (1R,4S)-
931 in high enantioselectivity (Scheme 233).34°

Esterification of rac-932 obtained from rac-929 with 2,3-
isopropylidene-D-ribonic acid-1,4-lactone 933 gave a mix-
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ture of four diastereoisomers, from which (1R,4R)-934 was
obtained by recrystallization. Hydrolysis of (1R,4R)-934
produced y-amino acid (1R,4R)-935. On the other hand,
catalytic hydrogenation of 934 gave the corresponding sat-
urated compound (185,35)-936, which on hydrolysis affor-
ded (15,3S)-TACP 15. Isomerization of the double bond
in (1R4R)-934 in the presence of 1,8-diazabicyclo-
[5.4.0Jundec-7-ene (DBU) and subsequent hydrolysis led
to (4S5)-4-ACPCA 16 (Scheme 234).3%9
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Scheme 234.

HeN.,,
O o

(45)-4-ACPCA 16

In a similar manner, esterification of rac-932 with (R)-pan-
tolactone 39 afforded a mixture of four diastereoisomers.
Catalytic hydrogenation of diastereoisomerically pure
(18,45)-937 obtained by crystallization gave (1R,3R)-938,
which on hydrolysis led to (1R,3R)-TACP 15. On the other
hand, conjugation of the double bond in (15,45)-937 and
subsequent hydrolysis provided (4R)-4-ACPCA 16
(Scheme 235).3°

0 0
PhtN .coci, _ PhtN
2. R*OH, 39
rac-932 four diastereoisomers

lrecryst.
. o
PhtN . PhiN
W kOR* Hz WIS OR*
Pd/C

(1R,3R)-938 (15,45)-937
1. 1M HCI 1. DBU
2. Ho,NNH, 2. 1M HCI
3. HoNNH,

1
HoN 0
N o Ht
OH
(1R3R)-TACP 15
(4R)-4-ACPCA 16

Scheme 235.

Hydrolysis of commercially available enantiopure lactam
(1S,4R)-929 gave (1R4S)-ACPECA 17 in quantitative
yield, which after protection of the amino group with
(Boc),0 and esterification produced methyl ester (1R,4.)-
939 in 98% yield. Isomerization of the double bond in
939 afforded the corresponding derivative (4R)-940 in
95% yield, which by hydrolysis led to (4R)-4-ACPCA 16
(Scheme 236).331:352 (15,4R)-ACPECA 17 and (45)-4-ACP-
CA 16 were obtained using (1R,45)-929 as the starting
material.
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Scheme 236.
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Hydrogenation of (1R,45)-929 gave lactam (15,4R)-941 in
94% yield, which on hydrolysis afforded (1R,3S)-CACP 14
in 97% yield, whereas treatment of (1R,4S5)-929 with bro-
mine led to adduct (—)-942 in 87% yield, which through
rearrangement of a bromonium ion intermediate under-
went a net ‘inversion’ of the carbocyclic skeleton.?3
Reduction of the dibromo compound 942 with n-Bu;SnH
in the presence of 2,2'-azobisisobutironitrile (AIBN) gave
lactam (1R,4S5)-941 in 79% yield, which on hydrolysis pro-
duced (1S,3R)-CACP 14 in 97% yield. Hydrogenation of
(1R,4S)-ACPECA 17 also produced (1S5,3R)-CACP 14 in
94% yield (Scheme 237).3%4
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Scheme 237.

Reduction of the oxime, easily available from (R)-keto-acid
943 with sodium amide, afforded a cis/trans mixture in 55%
and 45% yield, respectively, from which the (1R,3R)-trans-
3-aminocyclopentanecarboxylic acid, (1R,3R)-TACP 15,
was obtained by recrystallization. On the other hand,
reduction of the same oxime with zinc in 6 M hydrochloric
acid led to (1R,3S)-CACP 14 in 20% yield (Scheme 238).

o] o]
O 1.NH,0H wNH2
HO 2. Na/NH, HO
(R)-943 45% (1R.3R)-TACP 15
20% lt NH,OH
2.2Zn, 6M HCI
o]

NH.

(1R,3S)-CACP 14

Scheme 238.

3-Aminocyclopentanecarboxylic acid (1S,3S)-TACP 15
and (1S,3R)-CACP 14 were obtained from (S)-943.3%

On the other hand, Dieckmann cyclization of 944, obtained
in 11 steps from aspartic acid, in the presence of KHMDS
gave ketoester derivative 945 in excellent yield as a 3:2 mix-
ture of diastereoisomers, which under sequential reduction
with NaBH,, mesylation, and treatment with KOz-Bu pro-
duced cyclopentene derivative 946 in 79% overall yield.
Catalytic hydrogenation of 946 in the presence of Pt/C
afforded 947 as a 1:3 mixture of cis/trans, which after treat-
ment with LiOH, followed by acetylation with Ac,O in the
presence of NaOAc gave lactam (1R,45)-948 as the only
product in 97% yield. Finally, hydrolysis of 948 gave
(1R,3S)-CACP 14 (Scheme 239).3¢
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Scheme 239.

Oxidative degradation of 949 readily obtained from (+)-
camphoric acid,?’ with lead tetraacetate under anhydrous
conditions gave isocyanate (15,3 R)-950 in 86% yield, which
on hydrolysis produced (1S,3R)-3-amino-2,2,3-trimethyl-
cyclopentanecarboxylic acid (1S5,3R)-951 in 98% yield
(Scheme 240).338
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Scheme 240.
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Reaction of commercially available lactam (1R,4S5)-929
with benzylbromide in the presence of potassium hydroxide
gave the benzylated lactam 952 in 84% yield, which by
treatment with 1,3-dibromo-5,5-dimethylhydantoin in ace-
tic acid afforded the bromo derivative 953 in 85% yield.
Basic hydrolysis of 953 followed by the fluorination with
(diethylamino)sulfur trifluoride (DAST) produced 954 in
87% yield. Dehydrobromination of 954 with n-Bu3SnH hy-
dride in the presence of AIBN afforded monofluoro lactam
955 in 94% yield, which Birch reduction and subsequent
hydrolysis gave y-amino acid 956 in 86% yield (Scheme
241).3% A series of halogenated 4-aminocyclopentanecarb-
oxylic acid derivatives were designed as potential, more
lipophilic and inactivators of GABA-AT.
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o) 84% o)
(1R,45)-929 952
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N
Pe) |

75

Scheme 241.

On the other hand, cleavage of the p-methoxybenzyl pro-
tective group in 957 with CAN,33*® followed by protection
with (Boc),O gave N-Boc protected lactam 958 in 48%
yield, which after basic hydrolysis and subsequent treat-
ment with diazomethane afforded methyl ester 959 in
89% yield. A bromination reaction of 959 with carbon tet-
rabromide and triphenylphosphine afforded bromo deriva-
tive 961 with retention of the stereochemistry at C-4 via
anchimeric assistance by the carbamate group in intermedi-
ate 960. Finally, acidic hydrolysis of 961 produced y-amino
acid 962 in 74% yield (Scheme 242).3%°

On the other hand, bromination of (1R,4S5)-929 afforded
942 in 98% yield, which by hydrolysis gave y-amino acid
963 in 29% yield, whereas hydrolysis of enantiomerically
pure lactam 954 obtained in five steps from (1R,45)-929
led to y-amino acid 964 in 84% yield (Scheme 243).3%°

Epoxidation of (1R,45)-965 with m-CPBA exclusively gave
exo-epoxide 966 in 92% yield. Ring opening of epoxide 966
with 48% HBr afforded the inseparable halohydrins 967
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and 968, which upon treatment with TMSOTT in the pres-
ence of lutidine and DMAP produced the separable com-
pounds 969 and 970 in 55% and 18% yield, respectively.
Deprotection of hydroxy group in enantiomerically pure
969 with TBAF, followed by fluorination using DAST pro-
duced fluoro derivative 971, via an Sy2 mechanism. Cleav-
age of p-methoxybenzyl protective group in 971 using CAN
and subsequent hydrolysis led to y-amino acid 972 in 35%
yield (Scheme 244).3%°
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The reaction of enantiomerically pure aminoester (1S,4R)-
939 with NBS afforded cyclic carbamate 973 in 95% yield,
and with the introduction of the oxygen atom with defined
stereochemistry. Hydrolysis of 973 followed by N-Boc pro-
tection furnished carboxylic acid 974 in 84% yield, which
by esterification and subsequent homogeneous hydrogena-
tion in the presence of catalytic amounts of (R,R)-{[MeDu-
PHOSJ-Rh(COD)}BF, gave methyl ester 975 in >97% de.
On the other hand, catalytic hydrogenation of 974 in the
presence of Pd/C followed by esterification led to cis-este-
reoisomer 977 in 84% yield and 76% de. Sequential reac-
tions of mesylation, acetate displacement with inversion
of configuration, and hydrolysis with sodium methoxide
of 975 and 977 afforded methyl esters 976 and 978, respec-
tively (Scheme 245).332

An aldol-type reaction of pyrrole derivative 979 with 2,3-
O-isopropylidene-D-glyceraldehyde in the presence of
SnCl, led to N-Boc-unsaturated lactam 980 in 80% yield
and high diastereoselectivity,*®® which on reduction with
NaBH, in the presence of NiCl, followed by protection
of the free secondary hydroxy group as a TBS-ether gave
the fully protected lactam 981 in 93% yield. Selective cleav-
age of the N-Boc protective group using TBSOTT in the
presence of N,N-diisopropylethylamine followed by treat-
ment with benzyl chloride and KH afforded N-benzyl
derivative 982 in 79% yield. Hydrolysis of the acetonide
in 982 and subsequent oxidative fragmentation of the diol
moiety with sodium periodate produced aldehyde 983 in
93% yield, which by intramolecular aldol reaction in the
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presence of TBSOTf and i-Pr,NEt gave 984 and 985 in
an 80:20 ratio and 98% yield. Sequential cleavage of the
benzyl protective group by a Birch reduction, N-Boc pro-
tection, and hydrolysis of 984 and 985 provided dihydroxy-
lated cyclopentaneamino acids 986 and 987, respectively, in
good yield (Scheme 246).3!

The addition of (trimethylsilyl)methylmagnesium chloride
to (1S,4R)-988 afforded hydroxy derivative 989 in 38%
yield, which by elimination using trifluoroacetic anhydride
and tetra-n-butylammonium bromide gave the exocyclic
unsaturated compound (15,4R)-990 in 86% yield. Cleavage
of the N-benzyl protective group in 990 under Birch reduc-
tion conditions and subsequent hydrolysis led to conform-
ationally rigid vigabatrin (1S,3R)-18 in 90% yield (Scheme
247).362

On the other hand, Horner-Wadsworth-Emmons reaction
of enantiomerically pure (15,4R)-991 with diethyl (difluo-
romethyl)phosphonate gave the difluoromethylene deriva-
tive (15,4R)-992 in 68% yield. Deprotection of the N-p-
methoxyphenyl group in 992 using CAN led to lactam
(1S,4R)-993 in 68% yield, which by acidic hydrolysis affor-
ded the conformationally restricted y-amino acid (1S5,3.5)-
994, which is a more potent GABA-AT inactivator than
(S)-vigabatrin 2 (Scheme 248).362

On the other hand, the addition of the lithium anion of
fluoromethyl phenylsulfone to amide (15,4R)-991 in the
presence of diethyl chlorophosphate gave an inseparable
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mixture of E- and Z-isomers 995 in 82% yield, which by
treatment with magnesium combined with mercury chlo-
ride produced the separable Z-(15,45)-996 and E-(1S,4S)-
997 compounds in 23% and 64% yield, respectively. Oxida-
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Scheme 248.

tive deprotection of N-PMB group with ceric ammonium
nitrate (CAN) and subsequent acidic hydrolysis provided
the corresponding conformationally restricted monofluori-
nated vigabatrin analogues Z-(1S5,35)-998 and E-(1S,3.5)-
999 (Scheme 249).363
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Catalytic hydrogenation of m-aminobenzoic acid 1000 in
the presence of Raney-nickel followed by treatment with
(Boc),0O gave racemic cis-3-aminocyclohexanecarboxylic
acid rac-1001 in 80% yield. Resolution with successive
recrystallizations from (R)-a-methylbenzylamine [(R)-
MBA] afforded (1R,3S)-N-Boc-3-aminocyclohexanecarb-
oxylic acid 1001 in >95% ee (Scheme 250).'4° Enantiomeri-
cally pure (1R,35)-1001 is a component of cyclic peptides, a
new class of peptides nanotubes.'*

On the other hand, Joullié et al.3%* have described the ste-
reoselective synthesis of (1S,25,35)-3-amino-2-hydroxy-
cyclohexanecarboxylic acid 1008, a cyclohexyl GABOB
analogue. Initially, basic hydrolysis of 1002a and 1002b,
obtained from a Diels—Alder reaction and from the
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aldol-metathesis approach, respectively, afforded the corre-
sponding carboxylic acid 1003 in 98% yield, which by an
iodolactonization reaction with iodonium biscollidine per-
chlorate gave iodolactone 1004 in 70% yield. Removal of
the iodine in 1004 under radical conditions using tris(trim-
ethylsilyl)silane provided alcohol 1005 in 84% yield, which
upon protection of the hydroxy group using NHMDS and
benzyl bromide in the presence of tetra-n-butylammonium
iodide produced the benzyl ether derivative 1006 in 85%
yield. Transesterification of 1006 with methanol in the pres-
ence of dilute potassium carbonate to prevent epimeriza-
tion, followed by triflate formation and treatment with
sodium azide gave the corresponding azide derivative
1007 in 56% yield. Finally, basic hydrolysis of 1007 and
subsequent catalytic hydrogenation furnished the y-amino
acid (1S5,25,35)-1008 in 79% yield (Scheme 251).3%
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4.3. Synthesis of Cﬁ’y derivatives

The addition of nitroethane to an acetonide of (R)-glycer-
aldehyde 680 in the presence of KF afforded the nitroaldol
derivatives 1009, which by dehydration produced nitroalk-
ene 1010 in 70% yield and with a selectivity E/Z = 70:30,
respectively. Cyclopropanation of 1010 using a diphenyl-
sulfur ylide gave cyclopropane derivative 1011 in 74% yield
and 94:6 dr, which by catalytic hydrogenation and N-pro-
tection with TFAA produced N-TFA derivative 1012 in
excellent yield. Cleavage of the acetonide in 1012 produced
the corresponding diol 1013 in quantitative yield, which by
protection of the secondary alcohol and subsequent oxida-
tion of the primary alcohol gave carboxylic acid 1014 in
42% vyield. Finally, deprotection of the trifluoroacetyl
group in 1014 led to y-amino-B-hydroxy acid 1015 in
96% yield (Scheme 252).3%¢
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On the other hand, Baldwin et al.>®” reported the prepara-
tion of (IR,2R)- and (1S,2S)-1-hydroxy-2-aminocyclo-
butane-1-acetic acid 1021 via a short stereoselective
synthesis. Initially, the reaction of 2-(dibenzylamino)-
cyclobutanone 10153 under Reformatsky conditions
with tert-butyl bromoacetate, produced a mixture of race-
mic ¢is-1016 and trans-dibenzylamino alcohols 1017 in 70%
yield and an 8:1 ratio. Cleavage of the N-benzyl protective
group in 1016 afforded amino alcohol 1018, which by cou-
pling with N-Boc-(S)-valine in the presence of 1-ethoxycar-
bonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) gave a
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mixture of diastereoisomeric dipeptides 1019 and 1020 in
69% yield. Finally, treatment of diastereoisomerically pure
1019 and 1020 under acidic conditions afforded 1-hydroxy-
2-aminocyclobutane-1-acetic acids (1R,2R)- and (1S,29)-
1021, respectively (Scheme 253).
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Scheme 253.

5. Stereoselective synthesis of azacyclic y-amino acids
5.1. Synthesis of N, C; derivatives

Treatment of the N-Boc-a-amino acid derivative 1022 with
isobutyl chloroformate gave the corresponding mixed
anhydride, which upon reduction with NaBH, afforded
the N-Boc-amino alcohol 1023 in 75% yield. The cycliza-
tion reaction of 1023 under Mitsunobu conditions pro-
duced N-Boc-aziridine 1024 in 74% yield, which has been
used as a precursor of conformationally restricted y-amino
acids (Scheme 254).39

B-Aziridinyl-a,B-enoate 1029 has been used in the prepara-
tion of mimetics of dipeptide units, and several methodol-
ogies have been described for their synthesis. For example,
the Swern oxidation of the epoxy alcohol 1026 obtained

"o i o
1. CICO,i-B
Boc/N\:)J\OH Bkt Boc/N\;)
: 2. NaBH, :
L "L
O OBn O OBn
1022 1023

74%i PhyP, DEAD

Scheme 254.

from Sharpless asymmetric epoxidation of allylic alcohol
1025, followed by Wittig chain extension with (carbo-
ethoxymethylene)triphenylphosphorane afforded the corre-
sponding (E)-a,B-unsaturated ethyl ester 1027 in 56% yield,
which by treatment with sodium azide gave B-azido alcohol
derivative 1028 in 85% yield and 19:1 ratio. Staudinger
reaction’”? of azido alcohol 1028 produced the aziridine
derivative 1029 in 82% yield (Scheme 255).37!
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- BN
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0
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N
/
H 1029
Scheme 255.

The reaction of L-threonine methyl ester 1030 with (Boc),O
followed by treatment with mesyl chloride, and subsequent
reduction with lithium borohydride gave alcohol 1031 in
73% yield, which on treatment with potassium carbonate
afforded aziridine 1032 in 67% yield. Parikh—Doering oxi-
dation”? of 1032 provided the corresponding aldehyde
1034a. On the other hand, tosylation of 1030 followed by
reduction with NaBH, in the presence of LiCl gave aziri-
dine 1033 in 32% yield, which by Dess—Martin periodinano
oxidation led to aldehyde 1034b. Finally, Wittig reaction of
1034a and 1034b provided the N-protected-E-alkenyl-azir-
idines 1035a and 1035b (Scheme 256).37!

On the other hand, Mitsunobu reaction of amino alcohol
syn-1036 obtained from chiral amino aldehydes gave
cis-aziridine 1037,3”3 which by ozonolysis followed by the
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Wittig reaction with (carbomethoxyethylene)triphenyl-
phosphorane produced (E)-alkenyl-aziridine 1038 as the
principal product (Scheme 257).37# This methodology has
been used in the synthesis of several (E)-alkenyl-aziridines.

DEAD /N
NHMts Mts H
1036 0is-1037

1.05
2. Ph3P=<|3COZMe
Me
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X
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Mts” H Me
(E)-1038

Scheme 257.

The addition of lithium enolate derived from terz-butyl ace-
tate to configurationally stable, and enantiomerically pure
aziridine 2-carboxaldehyde 1040 readily obtained from
ethyl aziridine-2-carboxylate 1039,7° afforded a mixture
of aldol products 1041 and 1042 in 99% yield but with
low diastereoselectivity (1:2 ratio). However, the reduction
of P-ketoester 104337¢ readily obtained from 1039 with
NaBH, in isopropyl alcohol (IPA) at —40 °C provided
the aldol products 1041 and 1042 in 88% yield and high
diastereoselectivity (10:1) (Scheme 258).377 Compounds
1041 and 1042 have been used in the synthesis of threo-f-
hydroxy-L-glutamic acid.

On the other hand, a Baylis—Hillman reaction of N-trityl
aziridine-2-carboxaldehyde 1044 with methyl or ethyl
acrylate in the presence of 1,4-diazabicyclo[2.2.2]octane
(DABCO) produced the corresponding alcohols syn-1045
and anti-1046 in 82% yield as a 50:50 mixture, which can
be separated by column chromatography (Scheme 259).378
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Recently, Barrett et al.3”® reported the synthesis of (R)-3-
(azetidin-2-yl)propanoic acid 1051 using (S)-N-benzoyl-
azetidinecarboxylic acid 1047 as the starting material.
Initially, cleavage of the benzoyl protective group in 1047
followed by treatment with CbzCl, and subsequent reduc-
tion with BH3' THF complex afforded the azetidine-metha-
nol derivative 1048 in 59% overall yield. Swern oxidation
and direct olefination under Wittig conditions produced
the unsaturated methyl ester 1049 in 67% yield. Reduction
of the double bond in 1049 with NaBH, in the presence of
CuCl gave methyl ester 1050 in 99% yield, which by sapon-
ification with lithium hydroxide and subsequent hydrogen-
olysis led to the corresponding y-amino acid 1051 in good
yield (Scheme 260).

More recently, Kise et al.’8" have described that the elect-
roreductive intramolecular coupling of imino ester 1052
prepared from (S)-glutamic acid dimethyl ester and benz-
aldehyde, in the presence of chlorotrimethylsilane,
followed by N-protection using benzoyl chloride gave cis-
2,4-disubstituted azetidine-3-one 1053 as the only product
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in 56% yield (Scheme 261). This result shows that four-
membered cyclization is much more favorable than six-
membered cyclization in the reductive intramolecular cou-
pling of 1052, which could be an excellent methodology for
the preparation of substituted-3-(azetidin-2-yl)propanoic

acids.
o Q TMSQ OMe
| OMe 1. +e, TMSCI - {g
N —»C/ “““ W
2. BzCI/EtsN N \>COQMe
56% !
CO,Me Bz
1052 1053
Scheme 261.

(S)-3-(Pyrrolidin-2-yl)propionic acid 1057 has been ob-
tained using a double Arndt-Eistert process. Initially,
treatment of (S)-homoproline 1054 obtained from L-pro-
line via Arndt-Eistert homologation,3®! with oxalyl chlo-
ride followed by treatment with diazomethane gave the
corresponding B-diazoketone 1055 in 80% yield. A Wolff
rearrangement of B-diazoketone 1055 using silver benzoate
and Et;N in methanol afforded y-amino acid methyl ester
1056 in 93% yield, which by hydrolysis followed by cata-
lytic hydrogenation led to y-amino acid (S)-1057 in 85%
yield (Scheme 262).12!
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(8)-1057 1056

Scheme 262.

On the other hand, treatment of (R)-N-Boc-prolinol 1058
under a Mitsunobu alkylation protocol using triethyl meth-
anetricarboxylate (TEMT), Ph;P, and diethyl azodicarb-
oxylate (DEAD) produced the N-Boc-triester derivative
1059 in 58% yield. Hydrolysis of 1059 afforded the y-amino
acid (R)-1057, which was used in the preparation of (R)-
pyrrolam A (Scheme 263).382383
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Scheme 263.

Aldol condensation of N-Boc-L-prolinal 1060a readily ob-
tained from N-Boc-L-proline ethyl ester 1059 with the lith-
ium enolate derived from ethyl acetate afforded a mixture
of aldol products syn-1061 and anti-1062 in a 80:20 ratio
and 70% yield. Saponification of the epimeric mixture
syn-1061 and anti-1062 with NaOH, followed by cleavage
of the N-Boc protective group with trifluoroacetic acid
(TFA) gave the trifluoroacetate salt of B-(R)-hydroxy-2-
(S)-pyrrolidinepropionic acid (R,S)-HPPA-OH 1063, an
v-amino acid analogue of statine 23. On the other hand,
treatment of syn-1061 and anti-1062 with TFA and subse-
quent treatment with K,CO; afforded the (1R,7aS)-1-
hydroxypyrrolizin-3-one 1064, an alkaloid nucleus, which
represents a convenient chiral synthon for the preparation
of certain members of these compounds (Scheme 264).384
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Scheme 264.
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A Reformatsky reaction of tert-butoxycarbonylmethylzinc
bromide with N-Boc-L-prolinal 1060a gave a mixture of al-
dol products syn-1065a and anti-1066a in a 1:2 ratio and
72% yield, whereas the reaction with N-benzyl-L-prolinal
1060b gave a mixture of aldol products syn-1065b and
anti-1066b in a 7:3 ratio and 52% yield (Scheme 265).2%°
Once again, the presence of a benzyl group on the nitrogen
produced the syn-diastereoisomers as the major product,
whereas the anti-product was formed predominantly in
the N-Boc derivatives.
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Scheme 265.

On the other hand, the matched pair addition of diethyl-
aluminum enolate derived from de iron acetyl complex
(S)-723 to N-Boc-L-prolinal 1060a gave aldol product
syn-1067 in >99:1 dr and 79% yield. Cleavage of the N-
Boc protective group with p-toluenesulfonic acid (PTSA)
gave the corresponding complex 1068 in excellent yield,
which by decomplexation with bromine led to (1R,7aS)-
1064 in 61%. The diastercoisomer (15,7aS)-1069 was ob-
tained when (R)-723 was used as the starting material
(Scheme 266).384
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Scheme 266.

Aldol condensation of N-Boc-L-prolinal 1060a with the
lithium chiral enolate derived from (2S)-(propionyloxy)-
1,1,2-triphenylethanol 1070 at —95 °C in the presence of
magnesium bromide (to enhance the stereoselectivity)
afforded a mixture of aldol products (2S5,2'R,3'R)-1071
and the other three stereoisomers in 64:6:15:15 ratio in
47% yield. Treatment of diastereoisomerically pure
(25,2’R,3'R)-1071 with diazomethane in the presence of
trimethyloxonium tetrafluoroborate gave the (3'R)-methyl
ether derivative 1072 in 57% yield, which by hydrogenolysis
of benzyl ester led to N-Boc-(2S,2'R,3'R)-1073 [N-Boc-
dolaproline] in 94% yield (Scheme 267). Compound 1073
is a key component of Dolastatin 10 32.3%
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Scheme 267.

The highly stereoselective aldol condensation of N-Boc-L-
prolinal 1060a with the boron chiral enolate derived from
oxazolidinone 1074 afforded the corresponding aldol deriv-
ative 1075 in 64% yield and 90% stereoselectivity. Cleavage
of the chiral auxiliary in 1075 with hydrogen peroxide and
lithium hydroxide gave carboxylic acid 1076 in 96% yield,
which by O-methylation using sodium hydride and iodo-
methane led to the N-Boc-dolaproline 1073 in 6% yield.
On the other hand, O-methylation of 1075 with diazome-
thane in the presence of trimethyloxonium tetrafluorobo-
rate gave the methyl ether derivative 1077, which by
cleavage of the chiral auxiliary under the same conditions
afforded N-Boc-dolaproline (25,2’ R,3’R)-1073 in 83% yield
(Scheme 268).38¢

On the other hand, cobalt-triphenylphosphine-promoted
Reformatsky reaction between N-Boc-L-prolinal 1060a
and (4R,55)-3-(2-bromopropionyl)-4-methyl-5-phenyl-
oxazolidin-2-one 1078 gave B-hydroxy amide 1075 in 70%
and high stereoselectivity, which was converted in dolapro-
line (Dap) 1073 under an identical protocol to that de-
scribed above (Scheme 269).3%7

Genet et al.*®® have reported an efficient multigram-scale
synthesis of enantiomerically pure N-Boc-iso-dolaproline
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1083 using a dynamic kinetic resolution (DKR). Thus,
reaction of N-Boc-(S)-proline 1079 with carbonyl-
diimidazol (Im,CO) and the magnesium enolate of ethyl
hydrogen methylmalonate gave B-ketoester 1080 in 82%
yield, which by treatment with hydrogen chloride produced
the y-amino-B-keto ethyl ester hydrochloride 1081. Cata-
Iytic hydrogenation of 1081 using in situ generated
Ru[(S)-MeO-BIPHEP]Br, afforded anti-B-hydroxy methyl
ester 1082 in quantitative yield and high diastereoselectiv-
ity, which was converted into N-Boc-iso-dolaproline 1083
under an identical protocol described above (Scheme 270).

Peptide structures with proline components have received
considerable interest over the past few years.*® For in-
stance, the detoxin complex is a mixture of 12 depsipep-
tides isolated from Streptomyces caespitosus var.
detoxicus 7072GC,, which displays a unique detoxifying ef-
fect against the nucleoside antibiotic blasticidin S.**° Coad-
ministration of blasticidin S and the detoxin complex
reduces the cytotoxicity of the antibiotic without reducing
the curative effect in the treatment of rice blast disease.
Moreover, in vivo studies showed that its administration
decreased eye irritation caused by the antibiotic, together
with a remarkable decrease of conjunctivitis in rats. Ten
of the 12 characterized depsipeptides of the detoxin com-
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Scheme 270.

plex possess the unusual amino acid (—)-detoxinine 1084
as the core scaffold.

OH
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Detoxin complex

Although (—)-detoxinine 1084 itself did not show any par-
ticular biological activity, its incorporation into oligopep-
tides could promote new and interesting biological
applications. Therefore, the efficient synthesis of (—)-detox-
inine 1084 has been of great interest. In this context, Pois-
son et al.>*! have described the synthesis of (—)-detoxinine
1084 from intermediate 1085 obtained via an asymmetric
[2+2] cycloaddition of dichloroketene and a chiral enol
ether. On the other hand, Denmark et al.?°> have reported
the synthesis of 1084 in 10 steps in 13.4% overall yield from
commercially available dichlorodiisopropylsilane via an
asymmetric tandem inter [4+2] and intra [3+2] cycloaddi-
tion and the bicyclic lactam 1086 as a key intermediate.
Acetonide 1087°°3 and 1,3-dioxane 10883°* have been used
as key intermediates in the preparation of 1084. (—)-Detox-
inine 1084 also has been obtained from derivatives 10893
and 1090.3% Finally, aldol reaction of 10913°7 afforded (—)-
detoxinine 1084, whereas 1092%°% gave (+)-detoxinine 1084
(Scheme 271).

Polyhydroxylated y-amino acids of type 1093 containing .-
proline derivatives have also been used in the synthesis of
new analogues of hapolisin 1094,3°%® and the y-amino acid
1095,3°° which has been used in the preparation of 1096, a
component of 1B-methyl carbapenems** (Scheme 272).

To the best of our knowledge, the synthesis of enantiome-
rically pure 1097 has not yet been reported. Another
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derivative is y-amino-B-hydroxy acid 1100, which has been
used in the preparation of 1-hydroxyindolizidine 1101. In
this context, treatment of (S)-N-Boc-pipecolic acid 1098
with dicarbonyldiimidazole (Im>CO) and the magnesium
enolate of ethyl hydrogen methyl-malonate gave B-keto-
ester 1099 in 80% yield, which upon catalytic hydrogena-
tion using in situ generated Ru[(S)-MeO-BIPHEP]Br,
ligand afforded the (3R,2’S)-B-hydroxy methyl ester 1100
in 85% yield and high diastereoselectivity, which was con-
verted into (1R,8aS)-1-hydroxyindolizidine 1101 (Scheme
273).3840

Another hydroxy derivative is the y-amino acid 1105,
which was used in the preparation of tricyclic compounds
1106 and 1107. Thus, Birch reduction of (S)-2-anisylpiperi-
dine 1102 followed by protection of the amino group with
(Boc),0 led to carbamate 1103 in 88% yield, which by
ozonolysis provided aldehyde 1104 in 50% yield. Oxidation
of 1104 using NaClO, and subsequent cleavage of the N-
Boc protective group with BF3-Et,O gave y-amino acid
1105 in 90% yield (Scheme 274).4!
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On the other hand, saponification and decarboxylation of
1108 obtained from the reaction of dimethyl malonate with
the corresponding ornithine halomethyl ketone gave keto-
acid 1109, which by catalytic hydrogenation led to y-amino
acid 1110 (Scheme 275).402

5.2. Synthesis of N, Cj derivatives

Cyclization of diazo derivatives 1111a and 1111b, readily
available from L-amino acids with Rhy(OAc), gave the
azetidin-3-ones 1112a (R = Me) and 1112b (R =Bn) in
59% and 63% yield, respectively. Wittig-type olefination
of 1112b with (carbomethoxymethylene)triphenylphospho-
rane afforded the corresponding unsaturated methyl ester
1113 in 95% yield and 2:1 dr, which on catalytic hydroge-
nation gave the protected y-amino acid 1114 in 75% yield
and 1.4:1 dr. On the other hand, the addition of the lithium
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enolate of tert-butyl acetate to azetidin-3-ones 1112a and
1112b furnished the corresponding <y-amino-B-hydroxy
tert-butyl esters 1115a and 1115b in excellent diastereose-
lectivity (Scheme 276).403
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Recently, Burtoloso and Correia*® reported that the cycli-
zation of diazo derivative 1117 readily available from N-to-
syl-L-phenylglycine 1116, using Cu(acac), afforded N-tosyl
azetidin-3-one 1118 in 50-55% yield, whose Wittig olefin-
ation using the stabilized ylide (carbomethoxymethyl-
ene)triphenylphosphorane gave enoate 1119 as a mixture
of E/Z in quantitative yield. Catalytic hydrogenation of
the double bond in 1119 in the presence of Rh/C gave
the protected y-amino acid 1120 in 90% yield and 92:8
ds, which has been used in the synthesis of conformation-
ally constrained glutamic acid 1121 in >95:5 ds**° (Scheme
277).

2-(Pyrrolidine-3-yl)acetic acid 1128 (homo-B-proline), a
cyclic analogue of 4-aminobutyric acid 1 (GABA), is a po-
tent agonist at GABA 5 receptors, interacts effectively with
GABA-uptake mechanisms, and it is a moderately potent
inhibitor of GABAg receptor binding.*°® (R)- and (S)-
homo-B-proline 1128 have been synthesized via 3-pyrroli-
dinecarboxylates 1124 and 1125. Addition—cyclization

A
|
> \)k coo o N K

2. CH,N,

Ph 64% Ph

1116 1117

50-55%lCu(acac}2
e PhaP=CHCO,M
e
- Ts Ni}o
100%
Ph

1119; (E/2) 1118

90% lHQ, Rh/C

Ph CO,H
1120; 92:8 ds 1121; >95:5 ds

Scheme 277.

reactions of (R)-a-methylbenzylamine and itaconic acid
1122 afforded the diastereoisomeric mixture 1123 in 73%
yield, which on chromatographic separation gave 3-pyrr-
olidinecarboxylates (R,R)-1124 and (S,R)-1125 in 43%
and 45% yield, respectively. Reduction of diastereoisomer-
ically pure (R,R)-1124 and (S,R)-1125 with LiAlH, fol-
lowed by treatment with SOCI, and sodium cyanide
afforded cyano derivatives (R,R)-1126 and (S,R)-1127 in
47% and 52% yield, respectively. Hydrolysis of cyano func-
tionality and cleavage of the methylbenzyl group led to
conformationally constrained y-amino acids (R)-1128 and
(S)-1128 in 42% and 35% yield, respectively (Scheme
278).407

HO M

o] CO,H 2. 2. MeOHHCI \r
73%
1122 1123

preparative HPLC

|
l43% l45°/°
0} [0}
oM M b""" OMe
Me \‘/ bﬁ/ e e \‘/ 1 (
Ph 0 o

Ph
1124 1125
1. LiAH, 1. LiAH,
47%| 2. s0Cl, 52%] 2. SOCl,
3. NaCN 3.NaCN
Me\‘/N/j\/CN MeYN: : "”'--/CN
Ph
1126 1127
o, | 1. HCIH,0 359, | 1+ HCVH:0
42 A’lg_ H,, Pd/C 2. Hy, Pd/C
(S)-1128 (R)-1128

Scheme 278.
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Recently Felluga et al.**® have reported the preparation of
(R)- and (S)-2-(pyrrolidine-3-yl)acetic acid 1128 via a
chemoenzymatic disymmetric hydrolysis of 3-nitromethyl-
glutaric acid diethyl ester 1129 obtained from a Michael
addition of nitromethane to diethyl glutaconate. Thus,
desymmetrization of 1129 using porcine pancreatic lipase
(PPL) gave monoester (R)-1130 in 98% ee and 79% yield,
whereas treatment of 1129 with crude pig liver esterase
(PLAP, pig liver acetone powder) produced monoester
(S)-1130 in 99% ee and 82% yield. Reduction of the nitro
group in enantiomerically pure (R)- and (S)-1130 with H,
in the presence of Raney-nickel, followed by cyclization,
afforded the corresponding y-lactams (R)- and (S)-1131 in
91% yield. N-Boc protection of (R)- and (S)-1131 followed
by removal of the lactam carbonyl function with BH;-DMS
complex and subsequent hydrolysis gave the conformation-
ally constrained y-amino acids (R)- and (S)-1128 in 63%
yield (Scheme 279).

CO,Et
CO,Et
1129
PPL, 3d ‘ PLAP, 2h
L 79% 82% l
COH COH
Kg/\coga COEt
“No, NO,
(R)-1130; 98% ee (S)-1130; 99% ee
oq0, |1+ Hr RN o, | 1 He RaNi
° 2. EtOH/TMSCI 91% 2. EtOH/TMSCI
Et0,C—, EtOQCh
|
H H
(5)-1131 (R)-1131
1. (Boc),0 1. (Boc),0
63% | 2. BHg-DMS 63% | 2. BH5-DMS
3. AcOH 3. AcOH
HO,C—, Hozol_>
N I
H H
(9-1128 (R)-1128

Scheme 279.

Treatment of 1132 and 1133 with NaH followed by sapon-
ification with NaOH and subsequent esterification with
diazomethane gave y-lactams 1134, 1135 and 1136, 1137,
respectively, in 75% yield and 80:20 dr. Decarboxylation
of 1134 and 1135 with NaCl and wet DMF provided pyrr-
olidin-2-ones 1138 and 1139, respectively.*’® Derivatives
1138 and 1139 were also obtained from 1136 and 1137
when these were treated with Na-Hg in methanol. Reduc-
tion of the lactam carbonyl function in 1138 and 1139 with
a BH; THF complex followed by cleavage of methylbenzyl
group and subsequent hydrolysis led to conformationally

restricted y-amino acids (R)- and (S)-1128 in 30% and
29% yield, respectively (Scheme 280).41°

CO,Et
R

Bl

N

W Ph
1132; R = CO,Me
1133; R = SO,Ph

759 |1+ NaHITHF, 78 °C
2. NaOH, CH,N,

R CO,Me R —COMe
= 5
O ™N 0" °N
W Ph s Ph
1134; R = CO,Me 80:20 1135; R=CO,Me
1136; R = SO,Ph 80:20 1137; R=SO,Ph

for 1134 and 1135 | 5, 1136 and 1137
or

I(COQMe < COMe
5 A

NaCl, wet DMF l Na-Hg, MeOH, 0 °C

N N
o Ph W Ph
1138 1139

1. BHg-THF 1. BHg-THF
30% | 2. Hy, Pd/C 29% | 2. Hy, Pd/C
3. AcOH 3. AcOH
F(COZH —CO,H
N N
H H
(5)-1128 (R)-1128

Scheme 280.

On the other hand, oxidative cyclization of amide 1140
with Mn(OAc);2H,0 and Cu(OAc),'H,O afforded pyrr-
olidin-2-ones 1141 and 1142 in 53% yield and 70:30 dr,
and with a total regioselectivity through a 5-exo ring clo-
sure. Sequential decarboxylation, hydroboration, oxida-
tion, and esterification of diastereoisomerically pure 1141
and 1142 gave methyl esters 1143 and 1144 in 35% and
40% yield, respectively. Treatment of y-lactams 1143 and
1144 under identical conditions described above gave (R)-
and (S)-1128, respectively (Scheme 281).4!!

The addition of nitromethane to o,B-unsaturated ethyl es-
ter derivative 1145 followed by reduction of the nitro group
and subsequent reaction with Lawesson’s reagent and
reduction with NaBH, in the presence of NiCl, afforded
the cyclic amino acid 1146, which by protection of free ami-
no group with CbzCl followed by cleavage of the N-Boc
protective group gave the N-Cbz-protecting amino acid
1147 in 71% yield. Oxidative decarboxylation of 1147 using
silver picolinate, and subsequent treatment with KMnOy,
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and cleavage of the Cbz protective group gave (S)-1128 in
48% vyield (Scheme 282).412

o o}
1. MeNO,, BuyNF
| Ot-Bu 2. Pd/C, HCONH, WOt-Bu
—_————
EtO NHBoc 3. Lawesson's reagent N NHBoc
4. NaBH,4/NiCl, )
0] H
1145 1146
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7| 2.6MHel
0}
OH
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N o 2. KMnO4 N NH,
| |
H e Cbz
(5)-1128 ) 1147
Scheme 282.

On the other hand, treatment of diol 1148, readily obtained
in 83% yield by perbenzylation and reduction of (S)-aspar-
tic acid with an excess of MsCl afforded the dimesylated
compound, which by a rearrangement via the aziridinium
intermediate 1149 and ring closure of 1150 gave the pyrro-
lidinium salt 1151. Selective hydrogenolytic mono-debenz-
ylation of 1151 using Pearlman’s catalyst, followed by
reaction with diethyl malonate in the presence of CsF, fur-
nished 1152 in 57% yield. Decarboxylation of 1152 and

subsequent esterification led to ethyl ester derivative 1153
in 84% yield, which by saponification followed by cleavage
of benzyl protective group provided y-amino acid (R)-1128
in 58% yield (Scheme 283).413
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Scheme 283.

5.3. Synthesis of N, C; derivatives

To the best of our knowledge, the synthesis of enantiome-
rically pure 1154 has not been reported,*'* and another
derivative is the y-amino methyl ester derivative 1157. In
this context, the reaction of enantiomerically pure ketone
1155 with hydroxylamine hydrochloride afforded (E)- and
(Z)-oximes 1156 in 95% yield, which through a Beckmann
rearrangement using (TMSO);PO gave amides 1157 and
1158 in 70% yield (Scheme 284).4!> Reduction of amide
group in 1157 could give the y-amino acid 1154.

Recently, Amat et al.*!® have reported the stereoselective
synthesis of cis-5-ethyl-3-piperidineacetic acid 1164, which
is a key intermediate in the preparation of (20R)-dihydro-
cleavamine.*!” In this context, the cyclocondensation of
racemic aldehyde ester 1159 with (R)-phenylglycinol under
neutral conditions afforded a diastereoisomeric mixture of
lactams 1160 and 1161 in 79% yield and 89:11 ratio. The
alkylation reaction of diastereoisomerically pure 1160 with
tert-butyl bromoacetate gave bicyclic compound 1162 in
60% yield and 1:4 endo/exo ratio. Reductive opening of
the oxazolidine ring and reduction of the amide function
in 1162 with BH; THF complex led to 3,5-dialkylpiperi-
dine cis-1163 in 57% yield, which upon hydrolysis and
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subsequent catalytic debenzylation provided cis-1164 in
78% yield (Scheme 285).
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Scheme 285.

6. Conclusion

In spite of the lack of synthetic procedures to some of the
most representative ‘pattern compounds’, organic chemists

have made many efforts to develop competitive alternatives
to the preparation of y-amino acids in such a way that
numerous strategies have been reported toward the synthe-
sis of a great variety of compounds, most of them being
covered in this review. Taking into account the importance
of this family of amino acids, the development of new and
competitive procedures to prepare a target compound in
enantiomerically pure form on a multigram scale would
be welcomed.

7. Abbreviations

ABSA acetamidobenzene sulfonyl azide

Ac acetyl

acac acetylacetonate (ligand)

ACPCA 4-aminocyclopent-1-ene-1-carboxylic acid

ACPECA 4-aminocyclopent-2-ene-1-carboxylic acid

AHPBA 4-amino-3-hydroxy-5-phenylbutanoic acid

AHPPA 4-amino-3-hydroxy-5-phenylpentanoic acid

AIBN 2,2'-azobisisobutyronitrile

AIDS acquired immune deficiency syndrome

BBB blood-brain barrier

9-BBN 9-borabicyclo[3.3.1nonane

BDA butane-2,3-diacetal

BINALH lithium 2,2'-dihydroxy-1-1’-binaphthylethoxy-
aluminum hydride

BINAP 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl

Bn benzyl

(Boc),O di(zert-butyl)dicarbonate

Boc tert-butoxycarbonyl

BS Bacillus steraothermophilus

BSA N,O-bis(trimethylsilyl)acetamide

Bz benzoyl

CACA cis-4-aminocrotonic acid (cis-4-Aminobut-2-
enoic acid)

CACP cis-3-aminocyclopentane-1-carboxylic acid

CAL Candida antarctica

CAMP cis-2-aminomethylcyclopropane-1-carboxylic
acid

CAN cerium ammonium nitrate

CbzCl benzylchloroformate

CCL Candida cylindracea

CDI 1,1’-carbonyldiimidazole

CE Colesterol esterase

CNS central nervous system

CSA camphorsulfonic acid

CTAOH  cetyltrimethylammonium hydroxide
DABCO  1.,4-diazabicyclo[2.2.2]octano

Dap dolaproline

DAST (diethylamino)sulfur trifluoride

dba dibenzylideneacetone

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene

DCC dicyclohexylcarbodiimide

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

de diastereoisomeric excess
DEAD diethyl azodicarboxylate
DET diethyl tartrate



DHQD
DIAD
DIBAL-H
DIPEA
DIPT
DKR
DMAP
DMEP
DMF
DMP
DMS
DMSO
DPPA
dppe
dr

ee
EDCI

EEDQ

en
FDH
Fmoc
FVP
GABA
GABOB
GAM
GBP
HBT
HFA
HIV
HPLC
HPPA
HTLV
HYTRA
IPA
KHMDS
LDA
LHMDS
MBA
m-CPBA
MEM
MEOX
MMPP
MPA
MOMCI
MPA
MS

Ms

MW
NBA
NBS
NHMDS
NMM
p-ABSA
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dihydroquinidine

diisopropyl azodicarboxylate
diisobuylaluminum hydride
disopropylethylamine

diisopropyl tartrate

dynamic kinetic resolution
4-dimethylaminopyridine
2,2-dimethoxypropane
N,N-dimethylformamide
2,2-dimethoxypropane

dimethyl sulfide

dimethyl sulfoxide
diphenylphosphoryl azide
1,2-bis(diphenylphosphino)ethane (diphos)
diastereoisomeric ratio

entgegen (opposite, trans)
enantiomeric excess
1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide hydrochloride
1-ethoxycarbonyl-2-ethoxy-1,2-dihydro-
quinoline

ethylene diamine

formate deshydrogenase
9-fluorenylmethoxycarbonyl

flash vacuum pyrolysis
y-aminobutyric acid
v-amino-B-hydroxybutyric acid
glutaramic acid

gabapentin

hydroxybenzotriazole
hexafluoroacetone

human immunodeficiency virus
high performance liquid chromatography
hydroxypyrrolidinepropionic acid
human lymphotropic viruses
hydroxy-1,2,2-triphenylethyl acetate
isopropyl alcohol

potassium bis(trimethylsilyl)amide
lithium diisopropylamide

lithium bis(trimethylsilyl)amide
methylbenzylamine
m-chloroperoxybenzoic acid
methoxyethoxymethyl

methyl 2-oxooxazolidine-4(S)-carboxylate
magnesium monoperoxyphthalate
methoxyphenylacetic acid
methoxymethyl chloride
methoxyphenylacetic acid
molecular sieves

methanesulfonyl

microwave

N-bromoacetamide
N-bromosuccinimide

sodium bis(trimethylsilyl)amide
N-methylmorpholine
p-acetamidobenzene sulfonyl azide

PCPGABA p-chlorophenylbutyric acid

PCC
PDC
Pf
PhGABA
PhthN
PLE
PMB
PMP
PPL
PPTS
PS
PTSA
Py

It
RAMP
SADP

SAH
SAMP
SC

SE
SPNs
TACA

TACP
TAMP

TBAB
TBAF
TBAI
TBS
TBHP
TBDPS
TEMPO
TEMT
Teoc

Tf

TFA
TFAA
TMEDA
TMSCI
TMSCN
TMSI
TMSOTf
TPP
Trityl

Ts

V4

pyridinium chlorochromate

pyridinium dichromate
9-phenylfluorenyl
phenyl-y-aminobutyric acid
phthalimido

pig liver estereasa

p-methoxybenzyl

p-methoxyphenyl

porcine pancreatic lipase

pyridinium p-toluenesulfonate
Pseudomonas cepacia

p-toluenesulfonic acid

pyridine

room temperature
(R)-1-amino-2-methoxypyrrolidine
(S)-1-amino-2-(1-methoxy-1-methylethyl)-
pyrrolidine

Sharpless aminohydroxylation
(S)-1-amino-2-methoxypyrrolidine
subtilisin Carlsberg

Staphylococcus epidermidis
self-assembling peptide nanotubes
trans-4-aminocrotonic acid (¢rans-4-amino-
but-2-enoic acid)
trans-3-aminocyclopentane-1-carboxylic acid
trans-2-aminomethylcyclopropane-1-carbox-
ylic acid

tetra-n-butylammonium bromide
tetra-n-butylammonium fluoride
tetra-n-butylammonium iodide
tert-butyldimethylsilyl (also TBDMS)
tert-butyl hydroperoxide
tert-butyldiphenylsilyl
2,2,6,6-tetramethyl-1-piperidinyloxy
triethyl methanetricarboxylate
2-(trimethylsilyl)ethoxycarbonyl
trifluoromethanesulfonyl

trifluoroacetic acid

trifluoroacetic anhydride
N,N,N’N'-tetramethylethylenediamide
trimethylsilylchloride
trimethylsilylcyanide
trimethylsilyliodide

trimethylsilyl trifluoromethanesulfonate
triphenylphosphine

triphenylmethyl

p-toluenesulfonyl

Zusammen (together, cis)
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