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Summary. This review article focuses on the synthesis and reactions
of N,N-di-Boc glutamate and aspartate semialdehydes as well as
related aldehydes. These building blocks are prepared according to
various strategies from glutamic and aspartic acids and find interest-
ing synthetic applications. In the first part, the methods for the
synthesis of N,N-di-Boc-amino aldehydes are summarized. The
applications of these chiral synthons for the synthesis of unnatural
amino acids and other bioactive compounds are discussed in the
second section.
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Abbreviations: AcNH-TEMPO, 4-acetamido-2,2,6,6-tetramethyl-
1-piperidinyloxy free radical; AIBN, 2,2'-azobis(2-
methylpropionitrile); Aliquat, methyltrioctylammonium chloride;
Bn, benzyl; Boc, tert-butoxycarbonyl; Bu!, tert-butyl; m-CPBA, 3-
chloroperoxybenzoic acid; DAST, diethylaminosulfur trifluoride;
DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene; (R,R)-(+)-DET, (R,R)-
(+)-diethyltartrate; DIBALH, diisobutyl aluminium hydride;
DMAP, 4-dimethylaminopyridine; DMF, dimethylformamide;
Et;N, triethylamine; KHMDS, potassium bis(trimethylsilyl)amide;
(S)-LLB, lanthanium-lithium-bis-metallic binaphthol catalyst;
MsCl, methanesulfonyl chloride; NEM, N-ethylmorpholine; NMO,
4-methylmorpholine N-oxide; PPA, propylphosphonic acid
anhydride; TBHP, fert-butyl hydroperoxide; TFA, trifluoroacetic
acid; THF, tetrahydrofuran; TMSI, 1-(trimethylsilyl)imidazole; Trt,
trityl.

Introduction

a-Amino acids have been employed for a long time by
organic chemists as chiral building blocks in synthetic
organic chemistry. Early examples describe the use of
natural L-amino acids. However, today the chiral pool

of amino acids includes D-enantiomers and a variety
of enantiomerically pure amino acids not occurring in
nature. According to one strategy a specific a-amino
acid is incorporated into a natural product or a biolo-
gically active compound. The second strategy involves
the transformation of a-amino acids into different
classes of compounds, such as amino alcohols and
amino aldehydes. N-Protected a-amino aldehydes (1)
have been prepared by various methods and have
found several applications (Jurczak and Golebiowski,
1989). However, N-protected a-amino aldehydes are
easily racemized and their careful handling is needed.
N,N-Dibenzylamino aldehydes (2) have been proven
particular useful into C-C bond forming processes
(Reetz, 1999). The presence of two protective benzyl
groups is of crucial importance in influencing the
direction and degree of diastereoselectivity (Reetz,
1991). Another synthetically important development
concerns 1,1-dimethylethyl 4-formyl-2,2-dimethyl-
oxazolidine-3-carboxylate (3), known as Garner’s
aldehyde. This aldehyde is prepared in almost
enantiomerically pure form (ee 95%) in four steps
from serine (Garner and Park, 1992) and has been
extensively used in asymmetric synthesis till todate
(Liang et al., 2001). N-Monoprotected glutamate and
aspartate semialdehydes have been reported and
found application in the synthesis of unnatural amino
acids (Gosselin and Lubell, 1998, Meffre, 1999).

This review article focuses on the synthesis and
reactions of N, N-di-Boc-glutamate (4, 5) and aspartate
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semialdehydes (6a) as well as related aldehydes (6b,c,
7a,b). These building blocks have been prepared from
glutamic and aspartic acid and have already found
interesting synthetic applications.
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1. Synthesis of optically active
N,N-di-Boc-amino aldehydes

In the first part of this article, the methods for
the synthesis of N,N-di-Boc-amino aldehydes are
summarized.

The method for the synthesis of methyl (2S5)-2-
[bis(tert-butoxycarbonylamino)]-5-oxopentanoate (4)
developed by Kokotos and Martin groups is outlined
in Scheme 2 (Kokotos et al., 1998a). Both carboxyl
groups of Glu (8) were converted into methyl esters
and the amino group was subsequently protected by
two Boc groups. Selective reduction of y-methyl ester
with DIBALH produced aldehyde 4 in high overall
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a) i) Me;SiCl, MeOH, ii) Boc,0, EtsN, MeOH; b) Boc,O, DMAP, MeCN; c¢) DIBALH, Et,0, -78°C
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yield (79%). The introduction of the second N-
Boc group minimizes the nucleophilic power of the
nitrogen atom and its presence is critical, as reduc-
tion of N-monoprotected derivative leads to a
mixture of products. Methyl (25)-2-[bis(tert-
butoxycarbonylamino)]-4-oxobutanoate (6a) was
synthesized by similar reactions starting from Asp
(Padron et al., 1998).

Kessler et al. synthesized aldehyde 4 as outlined in
Scheme 3. Methyl Boc- glutamate 11 was transformed
into the Weinreb amide 12 by using N,O-dimethyl-
hydroxylamine hydrochloride, N-ethylmorpholine
(NEM) and propylphosphoric acid anhydride (PPA)
as coupling reagent. A second Boc group was intro-
duced and the resulting Weinreb amide was trans-
formed into aldehyde 4 by reduction with DIBALH
with an overall yield of 57% (Burkhart et al., 1997).
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The method proposed by Kokotos et al., which is
based on the regioselective reduction of dimethyl
glutamate, seems advantageous as compared to that
proposed by Kessler et al., because differentiation of
the two carboxylic groups of the starting Glu is not
needed.

Mixture

Scheme 2
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tert-Butyl (25)-2-[bis(tert-butoxycarbonylamino)]-5-
oxopentanoate (5) was synthesized starting from
benzyl a-tert-butyl Boc-glutamate (14) (Scheme 4).
After introduction of a second Boc group, the benzyl
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group was removed. The py-carboxyl group was
converted into acyl chloride and subsequently into
aldehyde 5 via Rosemmund reaction in overall yield of
56% (Bold et al., 1990).

The second synthesis of aldehyde 5 is based on the
selective reduction of y-methyl ester group of 22 using
DIBALH (Scheme 5). The di-Boc derivative 22 was
prepared starting either from y-methyl glutamate (18)
(Constantinou-Kokotou et al., 2001) or from a-
tert-butyl glutamate (20) (Adamczyk et al., 1999a).

Higher carbon homologs of N,N-di-Boc-amino
aldehydes were prepared as described in Scheme 6.
Aldehydes 4 and 6a were submitted to Wittig reaction
using methyl (triphenylphosphoranylide)acetate to
obtain the corresponding E-unsaturated esters 23a,b.
Catalytic hydrogenation followed by selective
reduction of the w-methyl ester group produced
aldehydes 6b and 6¢ in overall yield 69% and 72%,
respectively (Padron et al., 1998).

Wittig reaction of the aldehyde S5 with the
ylide, generated from [3-(ethoxycarbonyl)propyl]
triphenylphosphonium bromide and KHMDS, in THF
at —78°C, yielded the Z-olefin 25 (Scheme 7). The
corresponding hydrogenated compound 26 was
reduced under controlled conditions by DIBALH
to afford tert-butyl (25)-2-[bis(tert-butoxycarbonyl)
amino]-9-oxononanoate (27, yield 19%), indicating
that an ethyl ester group located at the end of the long
chain is selectively converted into aldehyde, while the
a-tert-butyl ester remains unaffected (Constantinou-
Kokotou et al., 2001).

The Horner-Wadsworth-Emmons olefination re-
action of aldehyde 4 with the phosphonate anion
generated from triethyl-4-phosphonocrotonate by
treatment with LiOH afforded compound 28
(Scheme 8). After hydrogenation of 28, compound 29
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was reduced under controlled conditions by DIBALH
at —78°C to afford aldehyde 30 in overal yield 41%
(Magrioti and Constantinou-Kokotou, 2002).

y-Methyl esters of N-Boc protected Asp 3la
and Glu 31b were converted into alcohols 32 (Scheme
9) by reduction of their corresponding mixed
anhydrides with NaBH, (Kokotos 1990). The hydroxy
group of 32 was activated by the conversion to
mesylate and replaced by the azido group (Kokotos
and Constantinou-Kokotou, 1992). A second Boc
group was introduced by treatment of 33 with (Boc),O
in the presence of DMAP. Treatment of amino
alcohol 32 with (Boc),O in the presence of DMAP
produced N,O-di-Boc derivative of the amino alcohol,
indicating that the second N-Boc group must be
introduced after conversion of the hydroxy group to
the azide group. Reduction of the methyl ester group
of compounds 34 using DIBALH under controlled
conditions produced aldehydes 7 (overall yield 40%)
(Markidis and Kokotos, 2001).
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2. Synthetic applications of N,N-di-Boc-glutamate
semialdehydes

Aldehydes 4 and S5, as polyfunctional chiral com-
pounds, are interesting chiral synthons for the pre-
paration of biologically active molecules. In the
second part of this article, the applications of these
aldehydes for the synthesis of unnatural amino acids
and other bioactive compounds are summarized.

The lipidic a-amino acids (LAAs) are a class
of unnatural amino acids with long aliphatic side
chains, combining structural features of amino acids
with those of fatty acids (Kokotos et al., 1996b;
Constantinou-Kokotou and Kokotos, 1999). Amides
and esters of LAAs, as well as lipopeptides, show
interesting biological properties (Kokotos et al.,
1996a; Nicolaou et al., 1997). A general approach to
enantioselective synthesis of saturated LA As is based
on the oxidative cleavage of amino diols obtained
by the regioselective opening of enantiomerically
enriched 2,3-epoxy alcohols (Kokotos et al., 1996c¢).
However, this method has limitations and may be used
only for saturated derivatives. The use of N,N-
di-Boc amino aldehydes permits the synthesis of
various unsaturated amino acids, including 2-amino-
arachidonic acid and 2-amino-oleic acid. Wittig
reaction of aldehyde 4 with the suitable saturated or
unsaturated ylides produced o,e-unsaturated amino
acids and 2-amino-arachidonic acid (Scheme 10)
(Kokotos et al., 1998a; Padron et al., 1998).

It should be noted that 2-amino alcohols and 1,2-
diamines obtained from such amino acids exhibited
interesting cytotoxic acitivity (Kokotos et al., 1998b,
Markidis et al., 2001). Furthermore, enantiopure and
racemic long chain 2-amino alcohols and diamines
have been reported to possess several biological
activities. For example (R)-2-aminohexadecanol
displays immunosuppresant activity (Hirose et al.,
1996) comparable to the potent immunosuppresant
FTY270 (Adachi et al., 1995). Racemic 2-amino
alcohols and diamines were found to inhibit human
platalet phospholipase A, (Noula et al., 1996) and
cytosolic and secretory phospholipases A, (Lucas et
al., 2000). Moreover, racemic 2-amino-hexadecanol
and 1,2-hexadecanediamine inhibit the carrageenin-
induced paw edema in rats (Kokotos et al., 1999) and
present Leismanicidal activity (Del Olmo et al., 2002).

Most recently, the synthesis of enantiopure w-
functionalized C15 a-amino carboxylates has been
reported (Markidis and Kokotos, 2002). Aldehyde 4
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reacted with the ylide generated by treatment of
TrtO(CH,),,PPh,*I- with KHMDS at 0°C. Catalytic
hydrogenation of compound 39 gave the saturated
methyl ester of w-hydroxy a-amino acid 40, which
was converted into w-carboxy, w-oxo, and w-amino
derivatives 41-43 (Scheme 11).

Racemic a-amino-oleic acid is used as a tissue
treatment for advanced generation bioprostheses

Scheme 11

(Chen et al., 1994). Two methods for the synthesis
of enantiopure (§)-2-amino-oleic acid (45) have been
presented. The first one is based on the Wittig reac-
tion of aldehyde 27 with the ylide generated from
n-nonanyl-triphenylphosphonium  bromide  and
deprotection under acidic conditions (Constantinou-
Kokotou et al., 2001) (Scheme 12). The second one is
based on the Wittig reaction of aldehyde 30 with the
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same ylide and deprotection of Boc group followed
by saponification (Scheme 12) (Magrioti and
Constantinou-Kokotou, 2002). One out of the two Boc
groups may be selectively removed by treatment with
Mg(ClO,),. Most recently two new methods for such
selective removal of one Boc group have appeared
(Yadav et al., 2002a, 2002b).

Aldehyde 7 has been used as synthon for the
synthesis of chiral terminal 1,2-diamines through a
Wittig olefination reaction with various stabilized
or non-stabilized ylides (Markidis and Kokotos,
2001).

All the unnatural amino acids presented in the
above mentioned syntheses, using N,N-di-Boc-
glutamate semialdehydes as starting material, are
optically pure (>95%) (Kokotos et al., 1998a; Padron

et al., 1998; Constantinou-Kokotou et al., 2001;
Magrioti and Constantinou-Kokotou, 2002; Markidis
and Kokotos, 2002).

Methyl (2R)-2-[bis(tert-butoxycarbonylamino)]-5-
oxopentanoate (49), synthesized from D-glutamic
acid, was converted into unsaturated amino acid 50 as
outlined in Scheme 13 (Chiou et al., 2000). The lipidic
amino alcohol 51, prepared from the reduction of 50
(Kokotos and Noula, 1996) was used as backbone for
the synthesis of the lipophilic a-keto amide inhibitor
52. This inhibitor formed a stable monomolecular film
at the air/water interface. Inhibition studies using the
monomolecular film technique with mixed films of
1,2-dicaprin containing variable proportions of the
inhibitor showed a 50% decrease in pancreatic lipase
activity at a 0.14 molar fraction.
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In recent years, the pyridinium cross-links (+)-
pyridinoline and (+)-deoxypyridinoline have gained
much attention due to their potential clinical utility in
the diagnosis of osteoporosis and other bone diseases.
An efficient synthesis of tert-butyl (25)-2-[(tert-
butoxycarbonyl)amino]-4-(2-oxiranyl) butanoate 55,
the key synthon for the preparation of collagen
cross-links pyridinoline and deoxypyridinoline was
described (Scheme 14) (Adamczyk et al., 1999a). The
strategy for the synthesis of this epoxide was based on
the extension of aldehyde 5 via a Wittig reaction to the
olefin 53 using the ylide generated from methyltri-
phenylphosphonium bromide and n-BuLi. Selective
removal of one of the two Boc groups of 53 was
accomplished by treatment with TFA, without ob-
serving noticeable hydrolysis of the fert-butyl ester.
Finally, oxidation of olefin 54 with m-CPBA produced
the desired epoxide in 91% yield as 1:1 diastereomeric
mixture. The second key synthon of deoxypyridinoline
is the iodide 57. Hydroboration of the olefin 54 using
diborane-THF complex gave alcohol 56. The hydroxyl
group of 56 was converted to the iodide 57 using
triphenylphosphine, iodine and imidazole.

The total synthesis of (+)-deoxypyrrololine was
accomplished as described in Scheme 15 (Adamczyk
et al., 1999b, Adamczyk et al.,2001a). Condensation of
5 with nitro compound 58 and subsequent acetylation

condensation and cyclization with benzyl isocyanate in
the presence of DBU gave the pyrrole intermediate
60. N-Alkylation of 60 with 57 followed by removal of
the protective groups and decarboxylation afforded
the cross-link 62.

Isotopically labelled (+)-deoxypyridinoline (66) is
necessary as internal standard for quantification of
collagen cross-links and is critical for the correlation
of various immunoassay methods. Its synthesis was
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achieved via quaternization of 63 with isotopically
labelled iodide 64 and subsequent hydrolysis
(Scheme 16) (Adamczyk et al., 2000). Iodide 64 was
prepared from aldehyde 4 via a Wittig reaction with
the ylide generated from a labelled (*CD,)-methyl
triphenylphosphonium iodide.

Galactosylhydroxylysine is a structural component
of bone collagen, which is formed by post-translational
glycosylation of hydroxylysine. The synthesis of
isotopically labelled galactosylhydroxylysine, which is
useful as internal standard in immunoassays for the
diagnosis of osteoporosis, is outlined in Scheme 17
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(Adamczyk et al., 2001b). The labelled hydroxylysine
derivative 71 was prepared from 4 with the
introduction of label *CD, via a Wittig reaction using
3CD5PPh;l. Glycosylation of 71 with acetobromo-a-
D-galactose and subsequent hydrolysis afforded
labelled galactohydroxylysine 73.

The stereoselective synthesis of a C-glycosidic
analogue of N-glucoasparagine was reported
(Burkhart et al., 1997). The tin derivative 74 was first
deprotonated with MeLi and then transmetalated with
BuLi (Scheme 18). After addition of the aldehyde 4
the two diastereomeric C-glycosidic amino acids 76

were obtained in equimolar amounts. One Boc group
was removed and the hydroxy group was trans-
formed to the corresponding thiocarbonylimidazole.
Radical reduction with Bu,;SnH and AIBN gave the
desired amino acid 77 with pure [(-configuration at
the C-1.

In recent years, considerable attention has been
focused on a,a’-diamino dicarboxylic acids because of
their presence in living organisms or as isosteric
analogues to improve the chemical stability of biolo-
gically active compounds. N,N-di-Boc-glutamate
semialdehydes have found applications in the syn-
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thesis of diamino diacids, such as 2,6-diaminopimelic
and 2,7-diaminosuberic acids. In one synthetic
procedure, aldehydes 6b,c were used for the synthesis
of the corresponding allylic alcohols 79, which were
used in a Katsuki-Sharpless asymmetric epoxidation
followed by regioselective opening with sodium
azide to yield 3-azido-1,2-diols 8lab (Scheme 19)
(Hernandez and Martin, 2001). After oxidative
cleavage, diamino diacids derivatives 83 were obtained
in optically pure form.

A potent inhibitor of DAP epimerase, (25,3R,6S)-3-
fluoro-2,6-diaminopimelic acid (90), was synthesized
starting from aldehyde 4, after addition to the anion
of (35)-3,6-dihydro-2,5-dimethoxy-3-(1-methylethyl)
pyrazine. Treatment with freshly distilled DAST
permitted isolation of only the dehydrated compound
87, which is presumably formed by base elimination of
the activated intermediate 88. However, use of DAST
contaminated with water gave the fluoro derivative 89
as a single diastereomer in 52% yield with only trace
amounts of the dehydrated product 87 (Scheme 20)
(Sutherland and Vederas, 1999).

Another potent inhibitor of DAP dehydrogenase,
which contains a planar a-carbon but lacks the
characteristic basic nitrogen at the presumed reactive
end of the molecule, was synthesized starting from
aldehyde 6a (Scheme 21) (Sutherland et al., 1999).
This aldehyde was reduced to alcohol 91 and then
converted into iodide 92. Radical coupling of iodide
92 with stannane MeOOCC(= CH,)CH,SnPh; was
initiated thermally with AIBN to give a-aminopimelic
acid analogue 93. Selective removal of one out of the

Scheme 20
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o c 0 O d
|
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o o . 2
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94 95

a) NaBHy, THF; b) i. MsCl, Et;N, DMAP, CH,Cl,, ii. Nal, (CH3),CO; c)

AIBN, MeOOCC(=CH,)CH,SnPhs, CeH;
MeOH, H,0, ii. TFA, CH,Cl,

d) TFA, CH,Cly; e) i. LiOH,

Scheme 21
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Halichlorine inhibits the expression of vascular cell 106
adhesion molecule-1 (VCAM-1), which may be impor-
~ ~ RE o F F 0
tant in the recruitment of mononuclear lymphocytesto ¢, W c ho. A
inflamed tissue. A route to the spirobicyclic core of g OMe HO:RWOH
halichlorine was reported starting from aldehyde 49 © O N@ock O O NH
through a number of steps, as outlined in Scheme 22 107 108

(Clive and Yeh, 1999). Aldehyde 49 was reduced into
alcohol, which was converted into the corresponding
(p-methylphenyl)thio derivative 96. Oxidation to the
corresponding sulfone, followed by deprotection of

a) (EtO),P(O)CF,SiMe3, THF, 10%mol TBAF; b) Dess-Martin
periodinane, CH,Cly; ¢) TMSI, then ag. KOH, then Dowex
AG50 WX8.

Scheme 24
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the nitrogen gave amine 97, which was then protected
again, now as an allyl carbamate 98. The methyl ester
98 was reduced into alcohol 99 and the resulting
alcohol was silylated to afford compound 100, which
was further used to prepare the spirobicyclic core of
halichlorine, compound 101.

Aldehyde 4 was used for the stereoselective
synthesis of 2-amino-5-hydroxycaprolactam, which is
an important constituent of a recently identified anti-
tumor agent belonging to the bengamide marine
sponge natural products. Nitro-aldol reaction of 4 with
nitromethane in the presence of 10% of (S)-
lanthanium-lithium-BINOL catalyst (LLB) gave the
nitro-aldol adduct 102 (Scheme 23) (Roche et al.,
2001). Reduction of the nitro group using 10% Pd/C,
provided (2S,5R)-5-hydroxylysine, which was directly
deprotected, cyclized and reprotected to give com-
pound 103. Similarly, compound 105 was prepared
using the (R)-LLB catalyst in the first step of the
synthesis.

A specific aspartate semi-aldehyde dehydrogenase
inhibitor, the difluoromethylene analogue 108 of
aspartyl phosphate, has been prepared using aldehyde
6a (Scheme 24) (Cox et al., 2001). The most favor-
able conditions required the use of 1.3 eq. of
(EtO),P(O)CF,SiMe;, 10% TBAF and one equivalent
of aldehyde 6a. The resulting diastereomeric alcohols
106 were oxidized into ketone 107, which was
deprotected to afford difluoromethylene analogue
108.

Most recently, the synthesis of the tetrapeptide
109 from S-butenyl glycine and D-Pro-L-Pr-OH was
accomplished in a straightforward manner using
aldehyde 4 (Hanessian and Angiolini, 2002). Ring-
closing metathesis with the Grubbs catalyst afforded
the macrocyclized olefinic products 110 and 111 as a
1:1 mixture of cis and trans isomers in 92% yield
(Scheme 25).

BocHN

COOMe
O

RSN

111

Q e

Scheme 25

Conclusion

The synthetic applications of N,N-di-Boc-glutamate
semialdehydes and related aldehydes summarized
in this review article clearly demonstrate that these
aldehydes are extremely useful chiral synthons. Their
value is due to their easy preparation from natural a-
amino acids in enantiomerically pure form and their
simple structure that allows them to be used for many
targets in organic synthesis.
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